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FOREWORD 

The Reactor Development P rogram P r o g r e s s Report, issued 
monthly, is intended to be a means of reporting those i tems 
of significant technical p rogress which have occurred in both 
the specific reactor projects and the general engineering r e -
search and development p rograms . The repor t is organized 
in accordance with budget activities in a way which, it is 
hoped, gives the c learest , most logical overall view of prog­
r e s s . Since the intent is to repor t only i tems of significant 
progress , not all activities are reported each month. In 
order to issue this repor t as soon as possible after the end 
of the nnonth editorial work must necessar i ly be l imited. 
Also, since this is an informal p rogress report , the resul t s 
and data presented should be understood to be pre l iminary 
and subject to change unless otherwise stated. 

The issuance of these repor ts is not intended to constitute 
publication in any sense of the word. Final resu l t s either 
will be submitted for publication in regular professional 
journals or will be published in the form of ANL topical 
r epo r t s . 

The last six repor t s issued 
in this se r ies are : 

October 1968 ANL-7513 

November 1968 ANL-7518 

December 1968 ANL-7527 

January 1969 ANL-7548 

February 1969 ANL-7553 

March 1969 ANL-7561 



REACTOR DEVELOPMENT PROGRAM 

Highlights of P r o j e c t Act iv i t ies for A p r i l - M a y 1969 

EBR- I I 

The r e a c t o r was opera ted for 1820 MWd between M a r c h 21 and 
May 20, br inging its cumula t ive opera t iona l total to 25,043 MWd. Nine ex ­
p e r i m e n t a l subassennbl ies w e r e loaded into the r e a c t o r between M a r c h 16 
and May 15. As of May 15, the r e a c t o r contained 32 e x p e r i m e n t a l s u b a s s e m ­
b l ies in which the re a r e 595 e x p e r i m e n t s . 

In the F C F cold l ine, 941 acceptab le M a r k - I I fuel pins have been 
made for use in d r i v e r - f u e l s u b a s s e m b l i e s planned for test ing in the r e a c t o r . 
All product ion ac t iv i t i es in the F C F hot line have been phased out. 

Examina t ion of vendor -p roduced Mark - IA fuel e l emen t s after they 
had been t e s t i r r a d i a t e d in EBR-I I to burnups ranging from 0.2 to 0.6 a / o 
r evea l ed that m o s t of the fuel pins in the e l emen t s had shor t ened during i r ­
r ad ia t ion . Intensive inves t iga t ions a r e under way to d e t e r m i n e the cause of 
the shor ten ing . Invest igat ive efforts include extens ive examina t ions of the 
i r r a d i a t e d e l e m e n t s , r ev iews of the vendor ' s manufactur ing p r o c e d u r e s , and 
m e t a l l u r g i c a l examina t ions of u n i r r a d i a t e d a s - c a s t and as -bonded vendor 
fuel. As of May 15, 22,138 e l emen t s had been r ece ived from the vendor . 

Neutron r ad iog raphs showed that two encapsu la ted ANL-made M a r k -
IA e l e m e n t s that had been t e s t i r r a d i a t e d in EBR-I I to a m a x i m u m burnup of 
3.5 a / o were in tac t . The e l emen t s a r e being i r r a d i a t e d fur ther as pa r t of 
the EBR- I I ex tended-burnup p r o g r a m . 

2 P R - 3 

M e a s u r e m e n t s with Assembly 56B (FTR-I ) were comple ted in this 
t ime per iod . E x p e r i m e n t s which were copipleted include the evaluat ion of 
c e n t r a l and p e r i p h e r a l wor ths of boron con t ro l - compos i t ion m a t e r i a l s , axial 
and rad ia l r eac t iv i ty worth t r a v e r s e s for B-10 and Pu-239 , and cen t r a l fis­
sion r a t i o s for U-238, P u - 2 3 9 , Pu-240 , and U-235 . 

Upon complet ion of this work, F T R - I was r e a s s e m b l e d on Z P P R . 

Z P R - 6 and -9 

Modifications to p e r m i t opera t ion of these fac i l i t ies with plutonium 
loadings a r e alnrtost comple t e . Acceptance tes t ing of the a i r - e x h a u s t s y s t e m s 
for the confinement she l l , r e a c t o r c e l l s , w o r k r o o m , vaul t , and negat ive p r e s ­
su re a r e a s was s t a r t e d . Mechanica l back-d ra f t d a m p e r s had been ins ta l l ed 
in the exhaust s y s t e m s . These a r e being r ep laced with m o t o r i z e d back -d ra f t 
d a m p e r s in o r d e r to mee t a i r - f low r e q u i r e m e n t s . This work delays the 
accep tance t e s t s and the date when Argonne can finally accept the building. 

Z P P R 

As an ini t ia l s tep in loading the F T R - I I co r e of the P h a s e B c r i t i c a l 
e x p e r i m e n t s p r o g r a m , the c r i t i c a l m a s s of F T R - I was d e t e r m i n e d (361.44 kg 
of total f i ss i le m a s s ) for c o m p a r i s o n with that d e t e r m i n e d on Z P R - 3 . T e m ­
p e r a t u r e coefficient and m e a s u r e m e n t s of c o n t r o l - r o d wor th have a l s o been 
comple ted for this a s s e m b l y . 
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I. LIQUID M E T A L FAST B R E E D E R R E A C T O R S - - C I V I L I A N 

A. F u e l D e v e l o p m e n t - - L M F B R 

1. Oxide 

a. F u e l S tud ie s 

(i) F u e l E l e m e n t P e r f o r m a n c e (L. A. N e i m a r k , F . L. B r o w n , 
R. N a t e s h , E. J . P e t k u s , and W. F . Murphy) 

L a s t R e p o r t e d : A N L - 7 5 6 1 , pp . 1-2 ( M a r c h 1969). 

(a) Iden t i f i ca t i on of P h a s e s in I r r a d i a t e d F u e l . I d e n t i f i c a ­
t ion of p h a s e s n e a r the f u e l - c l a d d i n g i n t e r f a c e in E l e m e n t SOV-7 by m e a n s 
of the s h i e l d e d m i c r o p r o b e con t inued ( s ee P r o g r e s s R e p o r t for F e b r u a r y 1969, 
A N L - 7 5 5 3 , p . 1). F i g u r e I .A . I i s an op t i ca l m i c r o g r a p h of an u n e t c h e d c r o s s 
s e c t i o n of a s a m p l e , l o c a t e d n e a r the top end of the e l e m e n t , w h e r e the c a l ­
c u l a t e d t e m p e r a t u r e s at the i n t e r f a c e w e r e c l o s e to 600°C. P h a s e s tha t have 
b e e n iden t i f i ed a r e i n d i c a t e d on the i l l u s t r a t i o n . 

(F) Cladding particle partially depleted in 
CT, Ni, and Mn. 

(C) Heterogeneoiis UO2-PUO2 phase rich in 
Te and Cs, with minor ainounts of Fe, 
Si, and Cr. 

(E) Stainless steel cladding; Fe. Ni, and Cr 
identified. 

(B) Cs-rich phase. 

^ > (A) Grain boundary phase; Cs, Si, and Ni 

major constituents, and Fe, Cr, and 

Mn minor constituents. 

(D) Fuel region with Mn dispersed in 
matrix. 

(G) Fe-rich phase; no Cr, Ni, Mn. 

Fuel Cladding 

Fig. I.A.I. Fuel-Cladding Interface at the Upper End of Element SOV-7. Phase constituents that have 
been identified by microprobe analysis are indicated at the right (250X). 



and nickel . . » • ^" " ' ' ' cladding grain boundaries (A), cesium, silicon, 
and m a n ! t " " f ' constituents, with minor amounts of iron, chromium, 
and manganese A mottled ces ium-r ich phase (B) is located iî  the region 
fuel is a h ' t ' - ' - f - - The dark-gray phase (C), at the edge of the 
fuel, IS a heterogeneous mixture of UO, and PuO, enriched in tel lurium and 
cesium, aiid low m iron, silicon, and chromium. Manganese is highly d i s ­
persed in the fuel matr ix near the cladding (D). The white phase (E) is 
essential ly s tainless steel cladding (iron, nickel, and chromium). The nature 
of these layers appears to preclude identification of the original fuel-cladding 
interface. ° 

The small, l ight-colored part ic les (F) in the fuel matrix 
appear to be cladding alloy part ial ly depleted in chromium, nickel, and 
manganese. Near the interface, microprobe analysis indicates that the 
nickel content of the par t ic les (F) is about one-third that of the cladding 
Similar-appearing par t ic les were found at locations more distant from the 
fuel-claddmg interface, and these contained still less chromium and nickel 
This IS consistent with the observation that nickel remains behind in the 
gram boundaries of the cladding. Some par t ic les of iron (G) have been 
identified. 

Further analysis of the nature of the cesium in the 
grain boundaries and the nature of the stainless steel constituents found in 
the fuel are reported in Sect. IV.B. 1 .b.(ii). 

, , . , , , , '^'^^ '^i^d fuel element (SOV-1) in Group O-2 clad with 
stainless steel has been received from EBR-II. The element was i rradiated 
to a total estimated burnup of 4.5 a/o in the reconstituted Subassembly X039 
Except for slight bowing, which might have been sustained in handling the 
capsule appeared to be in good condition. A neutron radiograph of the capsule 
will be made before the element is removed for examination. 

r r n u n O ^ ,. [̂ ^ Preparat ion of Group 0 - 3 . All 19 fuel elements of 
Group 0-3 have been fabricated. These (U0.3Pu0.JO, fuel elements with 
stainless steel claddings have been described previously (see P rog re s s 
Report for January 1969, ANL-7548, pp. 1-2). The weld closures are 
being radiographed to establish that the welds are sound and that adequate 
penetration exists . Pre i r radia t ion measurements of the fuel elements con 
tinue, along with examinations for quality assurance. ements con-

The tubing for the capsules and the ton anH K„n-
of Group 0 3 have been machined and are ready for a s L r b l y W e X l ^ f 
inspection techniques are being developed. Techniques for f i l i in / the T 
between the fuel element and the capsule wall with sodium a^e be n ! T " l " ! , 

Tetzz:'''''' '°̂  ""̂"̂""̂  "̂  -̂̂ ^̂̂  °̂  '̂^ sodiui::^brdtTeit • 

http://U0.3Pu0.JO


(c) Diffusion of Uranium and Plutonium in Mixed-oxide 
Fuels (R. Natesh and D. R. O'Boyle) 

Last Reported: ANL-7427, pp. 102-104 (Feb 1968). 

In order to study the redistribution of uranium and 
plutonium in a fast-neutron flux, a bulk specimen from Element SOV-7 
was analyzed with a shielded electron microprobe described recently.* 
The fuel element contained fully enriched UO2-2O w/o PuOj and had been 
i r radiated in EBR-II to 3.6 a/o burnup at a maximum linear power rating 
of 21.3 kw/ft . The specimen examined was a cross section taken from the 
top end of the element where the linear power rating was 17.1 kW/ft. The 
maximum temperature at the center of the fuel element was estimated to be 
about 2800°C. and the maximum temperature at the fuel-cladding interface 
was estimated to be about 605°C. The fuel had an initial effective density 
of 85.1% of theoretical . 

- 1 1 r 
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Figure LA.2 shows the d is ­
tribution of uranium and plutonium 
along a radius in the columnar-
grain region of the fuel. In agree­
ment with previous results (see 
Progress Reports for September 1967, 
ANL-7382. pp. 76-77 and for 
February 1968, ANL-7427. 
pp. 102-104). the plutonium con­
centration increased and the u ra -
niurrw concentration decreased at 
higher irradiation tempera tures . 
The maximum uranium concentra­
tion and the minimum plutonium 
concentration occur about 50 mils 
from the center of the fuel element. 
In the part of the columnar-grain 

region located from 68 to 106 mils from the center of the fuel element, 
uranium and plutonium form a homogeneous solid solution as a resul t of 
complete sintering of the original physically mixed part icles of UO, and 
PuOj. In this region the nominal composition of the matr ix is 70 w/o 
uranium and 17.7 w/o plutonium. In the cooler regions of the fuel (more 
than 106 mils from the center of the fuel element), complete sintering 
of UO2 and PuOj part ic les has not taken place. Although the fuel-element 
section examined is believed to have been molten at the center during 
irradiation, melting is not believed to be the factor controlling redis t r ibu­
tion of the uranium and plutonium. 

DISTANCE FROM CENTER OF FUEL. MILS 

Fig. I.A.2. Distribution of Uranium and Plutonium 
in Element SOV-7. Irradiated to 
3.6 a/o Burnup 

*Natesh, R.. Koprowski, B. J., Butler, E. M.. and Donahue. D. A., Proc. 16th Conf. on Remote Systems 
Technology. Idaho Falls. Idaho, March 11-13, 1969. Am. Nucl. Soc, 1969, pp. 243-252. 



(ii) Fuel Swelling Studies (L. A. Neimark, L. C. Michels, and 
K. F. Smith) 

Last Reported: ANL-7561, pp. 1-2 (March 1969). 

A design concept for an irradiation capsule that will be 
used to monitor the in-pile swelling and fission gas - re lease behavior of 
UO2 and (U,Pu)02 has been developed for use in CP-5 . Unless difficulties 
are encountered during the detailed design stage, the design will be adopted 
and fabrication of capsules will be started. 

Swelling rates and fission-gas re lease will be measured 
under conditions of very low res t ra int and at hydrostatic p r e s su re s up to 
10,000 psi. The anticipated fuel temperatures range from 600 to I800°C. 

(iii) Compatibility between Uranium-Plutonium Oxide and 
Cladding Alloys (T. W. Latimer) 

Last Reported: ANL-7548, p. 2 (Jan 1969). 

Microhardness measurements were completed for (l) vana­
dium that had been in contact with (Uo.8Puo.2)Oi.97 for 1000 hr at 700 and 
800''C; and (2) V-10 w/o Cr and V-15 w/o Cr-5 w/o Ti s imilar ly in contact 
at 700°C. Previous compatibility tests of six vanadium alloys (including 
V-IO w/o Cr and V-15 w/o Cr-5 w/o Ti) showed that oxygen diffused into 
these alloys at 800°C when in contact with fuel of this composition (see 
Progress Report for November 1968, ANL-7518, p. 4). Although evidence 
of this increased oxygen content in the vanadium alloys cannot always be 
observed metallographically, these changes can be detected easily by 
microhardness measurements . 

In Fig. LA.3 hardness changes at a given contacting 
temperature are shown to be similar for unalloyed vanadium (containing 
520 ppm oxygen originally) and V-10 w/o Cr. The as- rece ived vanadium 

1 1 1 r 

0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160 170 180 190 

DISTANCE FROM INTERFACE, mils 

Fig. I.A.3. Hardness Profiles of Vanadium and V-10 w/o Cr after Contact with 
(Uo.8Puo.2)Oi.g7 for 1000 hr at 700 and 800°C 



had a h a r d n e s s of 136 DPH and the V-10 w / o Cr a h a r d n e s s of 205 DPH. 
F o r e a c h m e t a l , the h a r d n e s s wi th in 30 m i l s of the i n t e r f a c e w a s g r e a t e r 
for the 700°C c o m p a t i b i l i t y t e s t than for the 800°C t e s t . 

In F i g . I .A.4 . the effects of c o n t a c t wi th the m i x e d oxide 
a t 700 and 800°C on the h a r d n e s s of V-10 w / o C r and V-15 w / o C r - 5 w / o 
Ti a r e c o m p a r e d . The ex ten t of oxygen diffusion into t h e s e a l l o y s is 
m u c h l e s s at 700°C, and the s u r f a c e l a y e r is a p p r e c i a b l y h a r d e r a f t e r 
c o n t a c t a t 700°C than a f te r con t ac t a t 800°C. 

Fig. I.A.4 

Hardness Profiles of V-15 w/o Cr-5 w/o 
Ti and V-10 w/o Cr after Contact with 
(Uo.8Puo.2)Ol.97 fo' WOO hf " 
700 and 800°C 

so 40 90 t o 

DISTANCE FROM MTERFMX (MLSI 

(iv) F u e l E l e m e n t Model ing (T. R. Bump) 

L a s t R e p o r t e d : A N L - 7 5 5 3 , pp. 2-4 (Feb 1969). 

The o r i g i n a l p lan had been to p e r f o r m d e t a i l e d c o m p a r i s o n s 
b e t w e e n e x p e r i m e n t a l da ta and p r e d i c t i o n s m a d e by the i m p r o v e d S W E L L - 3 
code , wh ich is c u r r e n t l y being debugged . Howeve r , p r e l i m i n a r y c o m p a r i s o n s 
h a v e now b e e n p e r f o r m e d us ing S W E L L - 2 * and S W E L L - 2 C . 

In i t i a l a t t e m p t s to ob ta in a g r e e m e n t b e t w e e n S W E L L - 2 
p r e d i c t i o n s and e x p e r i m e n t a l da t a s u g g e s t e d the need for c e r t a i n u p g r a d i n g s 
in S W E L L - 2 . The c u r r e n t S W E L L - 2 C v e r s i o n inc ludes t h e s e c h a n g e s : 
(1) f i s s ion g a s can be c o n s i d e r e d to be r e l e a s e d f rom the fuel a f te r it 
t r a v e l s an a r b i t r a r y m i n i m u m r a d i a l d i s t a n c e (Agj), a s we l l a s a f te r it 
r e a c h e s the c o l u m n a r - g r a i n r e g i o n o r the ax ia l c e n t e r l i n e (in non-
r e s t r u c t u r e d fuel) . (2) in the S W E L L - 2 code , a p r e s s u r e - r e d u c t i o n t e r m 
pf i s s u b t r a c t e d f r o m the p r e s s u r e of the gas r e t a i n e d in the fuel, P r i . 
to h e l p obta in the p r e s s u r e e x e r t e d by the fuel on the c l add ing {thus, pf 
r e p r e s e n t s the ab i l i t y of the fuel s t r e n g t h to r e s i s t fuel s w e l l i n g ; for 
S W E L L - 2 C . the c a l c u l a t i o n of pf i nc ludes an e x t r a t e r m tha t c o n s i d e r s 
the effect of e f fec t ive fuel vo id f r a c t i o n VQ: 

Pf = [A35 + A36 e.xp(A37Vo)]pri}, (1) 

and (3) the s t r a i n - t o - c a u s e - f a i l u r e ( ^ W A V ) is now a s s i g n e d a fudge f a c t o r 

A78. 

*Bump, T. R., SWELL-2: A Fuel-element-lifeume Code (to be published). 



C o m p a r i s o n s of S W E L L - 2 C p r e d i c t i o n s wi th e x p e r i m e n t a l 

data for m i x e d - o x i d e e l e m e n t s a r e shown wi th r e s p e c t to c ladd ing A D / D 

in F i g s . I .A.5 (EBR-I I*) and I .A.6 ( D o u n r e a y * * ) . w i th r e s p e c t to f i s s i o n - g a s 

r e l e a s e in F ig . I .A.7 . and wi th r e s p e c t to c ladd ing f a i l u r e in F i g . I . A . 8 . 

Fig. I.A.5 

Measured vs Calculated Maximum 
Cladding AD/D for Mixed-oxide 
Fuel Elements Irradiated in EBR-II 

0.01 
Calculated Maximum AD/D 

Fig. I.A.6 

Measured Maximum Cladding AD/D vs 
Calculated Maximum Cladding AD/D 
for Mixed-oxide Fuel Elements Irradiated 
in Dounreay Reactor 

0.01 
Calculated Maxiinum 40/D 

*Nelson, R.C.. Rubin, B.F., Kendall, W. W., and Bailev W F P,.rf,,, 
irradiated in a Fast Reactor to 50.000 MWt/r Trans Am Ij'.. 7 . "."^ Mixe.ri.ov,H, . „ „ . o . -

Murphy, W. F.. Brown, F. L., and Kit te i rrS" P u " m ^^tf^^^^^^^^^^^"^^^^^^^^^^^^''" ^• 
Nuol. Soo. n . 516-518 (Nov 1968). i^^Hg!HHElHg!Lg£;fomiance^--ANL Experience. Trans. Am. 

**Lawton, H., et al.. The Irradiation Behavior of Pliimni„r„ i, • ^ 
Nuclear Soc., L ^ d o T ^ S S r ^ i ^ ^ i i n ^ S i S i ^ ^ ^ S ^ ^ ^ ^ S ^ ^ Paper 4B/4. HHt. . 



Fig. LA.7 

Measured vs Calculated Fission-gas 
Release for Mixed-oxide Fuel Elements 

20 40 60 BO 100 
Calculalnl Fission Gas Release. % 

( J . Failure 

Failure occurred m 1 of 4 elemenls 

Predicled-failure line 

(§> 

5 10 
Calculated Avg. Burnup at Failure, a o 

Fig. LA.8. Average Bumup at Inspection vs Calculated Average Bumup 
at Failure for Mixed-oxide Fuel Elemenls 



The p r e d i c t i o n s w e r e obta ined by i n t e r p o l a t i o n b e t w e e n 
r e s u l t s f rom p a r a m e t e r s t u d i e s , tha t i s , a s e p a r a t e s e t of da ta c a r d s w a s 
not p r e p a r e d for each individual fuel e l e m e n t , b e c a u s e d e t a i l e d i n f o r m a t i o n 
conce rn ing the condi t ions under which i r r a d i a t i o n s a r e conduc t ed is s p a r s e . 

The a g r e e m e n t , such as it i s , shown in the f i g u r e s w a s 
obta ined by us ing the following va lue s for key c o n s t a n t s ( S W E L L - 2 and - 2 B 
va lues a r e inc luded for c o m p a r i s o n ) : 

Cons t an t s 

Al5 
A35 

A36 

A37 

A 5 9 A ( X 10'^) 

A73 

A78 

A 8 3 

E B R - I I 

-0 .01085 
0.9 

0.459 
-37 .6 

1.7 

0.05 
0.07 
0.05 

Dounreay 

-0 .01085 
0.75 
0 

0 

0 . 8 

1.0 

0.07 
0.001 

/ S W E L L - 2 \ 
\ D o u n r e a y / 

-0 .01085 
0.67 

-
-

2 . 0 

0 . 4 

1.0 

-

/ 'SWELL-2B A 
\ D o u n r e a y / 

- 0 .0180 
0.85 

-
-

1.75 
0 . 4 

1.0 

-

The cons tan t A15 is in a t e r m 

1 - Ai5 i n (nvt) 

which is u sed as a fac tor to d e c r e a s e ejyj^X' ' ^^ s t r a i n to c a u s e f a i l u r e , 
wi th f luence . The S W E L L - 2 va lue ( -0 .01085) gave s t r a i n s to c a u s e f a i l u r e 
that w e r e too l a r g e , so -0 .0180 was u s e d for S W E L L - 2 B . Since tha t p r o ­
c e d u r e ind ica ted what s e e m e d to be too m u c h d e p e n d e n c e on f luence for 
r educ ing e ^ A X ' ^°^ S W E L L - 2 C p r e d i c t i o n s the fudge f ac to r A7B (0.07 for 
both E B R - I I and Dounreay ) was used to modify ^TUIAV' ^"'^ A15 w a s r e a s s i g n e d 
i ts in i t i a l va lue of - 0 .01085 . The fac to r A7g then c o v e r s u n c e r t a i n i t i e s due to 
p o s s i b l e s t r e s s c o n c e n t r a t i o n s ( l a r g e l o c a l s t r a i n s ) in the c l add ing , a s we l l 
as u n c e r t a i n t i e s in the effect of f luence on E M A X ' 

As shown in Eq . (1), the c o n s t a n t s A35, Aj^, and A37 a r e u s e d 
to c a l c u l a t e the p r e s s u r e - r e d u c t i o n t e r m pf. To ob ta in r e a s o n a b l e SWELL-2C 
a g r e e m e n t with E B R - I I da ta , it w a s n e c e s s a r y to change the p n coef f ic ien t in 
the Pf e x p r e s s i o n wi th effect ive fuel void f r a c t i on vo a s fo l lows: 

Vo 

< 0 . 0 5 
0.05 
0.0725 

>0.13 

P r i Coeff ic ient 

U n d e t e r m i n e d 
0.97 
(f.93 
0.90 

*Reactor Development Program Progress Report for February 1969, ANL-7553, pp. 2-4. 



The values for A35, Ajj,, and A37 given for EBR-II in the table produce the 
des i red relationship between the coefficient and VQ. When A3(, and A37 are 
zero, the coefficient equals A35. Because the pri coefficient is thus 
always lower (0.75) for Dounreay than for EBR-II, this implies that for 
a given p r e s s u r e of the fission gas retained in the fuel, the fuel-swelling 
p re s su re is grea ter for Dounreay than for EBR-II. However, as noted 
below, under s imilar conditions Dounreay fuel re leases more gas than 
EBR-II fuel, so the p r e s su re of the fission gas retained in the fuel is 
normally lower in Dounreay than in EBR-II. 

It was found necessary to reduce the value of the constant 
A59A, which is actually the effective neutron flux, in order to avoid 
predicting excessive irradiat ion-induced cladding swelling. This is a 
logical move, because the fluxes used ear l ie r were intended to be the 
maximum fluxes in the r eac to r s . All fuel elements considered here 
probably were i r radia ted in lower flux environments away from the centers 
of the reactor cores . Perhaps the need to use a much lower flux in 
Dounreay than in EBR-II is due to the Dounreay cladding being more 
swel l ing-res is tant than the EBR-II cladding. 

The constants A73 and A83 affect the calculated fission-gas 
re lease , A73 being a fudge factor on radial velocity of fission gas toward the 
fuel axial center line. Therefore, the velocity calculated for EBR-II is only 
5% of the Dounreay velocity, for the same conditions. In spite of the higher 
Dounreay gas velocity, Ajs for Dounreay is still much smal ler (0.001 in.) 
than for EBR-II (0.05 in., so large it never enters in), in order to get enough 
re lease from Dounreay fuel. Incidentally, the differences between EBR-II 
and Dounreay constants A35, A36, A37, A73,*and A83 possibly resul t from the 
Dounreay elements being mostly vibratori ly compacted fuel i r radia ted at 
a l inear heat flux under 10 kw/ft , whereas the EBR-II elements were i r ­
radiated at over 10 kw/ft . Restructuring of the Dounreay Vipac fuel at 
the low heat ratings would be not nearly as pronounced as res t ruc tur ing of 
the EBR-II Vipac fuel, which (probably due to res t ructur ing) does not 
appear to behave much differently from the EBR-II pellet fuel. 

In Fig. I.A.5, agreement is reasonable except for SOV-3 
and SOV-7. These a re elements that operated with centra l melting; perhaps 
SWELL-3 will make better predictions for such elements . 

In Fig. I.A.6, the agreements for V177R, A151, and A151R 
are unusually poor. V177R is VI 77 returned (R) to the reactor for additional 
burnup. This additional burnup did not increase cladding strain, which is 
a resul t difficult to predict . A151 was i r radia ted under conditions almost 
identical to A153 (which behaved near to prediction), and again the resul ts a re 
difficult to predict . V035R, V039R, A151R, and A153R were re turned to the 
reac tor for i r radiat ion with higher cladding t empera tu res than during their 
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initial exposures. Figures I.A.6, I.A.7, and LA.8 show predictions for these 
elements; it was assumed that the final conditions existed throughout the 
entire exposures. 

In Fig. LA.7, some of the calculated Dounreay gas re leases 
are still too low, in spite of the exaggerated steps taken to increase calculated 
re lease . 

In Fig. I.A.8 it can be seen that failures were predicted for 
very few of the elements (although those few which did fail a re usually close 
to the failure line), that is, the predictions appear optimistic. This is a 
logical consequence of the fact that SWELL calculations halt at the predicted 
timeof failure. To obtain the data necessary for Figs. I.A.5, I.A.6, and 
I.A.7, the calculated strain to cause failure ( E M A X ) "^^^ deliberately aimed 
in the direction of being too large rather than too small . When burnup-a t -
failure is the chief objective of SWELL-2C calculations, in the in teres ts of 
conservatism it is probably advisable to use a smal ler value for A78 and/or 
a larger negative value for A15. 
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B. Physics Development--LMFBR 

1. Theoretical Reactor Physics 

a. Fast Critical Exper iments - - Theoretical Support (R. G. Pa lmer) 

Last Reported: ANL-7561, pp. 2-3 (March 1969). 

(i) Heterogeneity Studies. Studies are underway to ascer ta in 
the accuracy of present and proposed methods for evaluating flux-advantage 
heterogeneity effects in the ANL cr i t ica ls . The standards against which the 
methods will be compared will be provided by calculations of high-order 
t ransport theory on hypothetical cores which are simple enough to be de­
scribed completely and accurately by existing t ranspor t - theory codes, but 
complicated enough to exhibit significant heterogeneity effects. The f irst 
core, called GEDANKEN-1, consists of an infinite slab core reflected by 
depleted uranium, the core being eleven cells ac ross , each cell having one 
Pu-U fuel plate, and two sodium and two graphite plates. The difference in 
keff between a completely detailed high-order t ransport calculation and a 
homogeneous t ransport calculation will give the heterogeneity effect. This 
basis for comparison of techniques is preferable to comparison with experi­
ments due to the uncertainty of c ross section in the calculation of the lat ter . 

Tests are being made of various recipes for homogenizing 
the cel ls , both energy-wise and space-wise, such as flux and flux-adjoint 
bivariate weightings (see P rog re s s Report for February 1969, ANL-7553, 
p. 7). 

Modifications are being made to the TESS Code to include 
more accurate prescr ipt ions for cell homogenization. 

(ii) Adjustments of Cross Sections to Fit Integral Data. The 
testing of ENDF/B-based cross sections by calculations for a ser ies of fast 
cr i t ical assembl ies has been delayed pending implementation of necessary 
codes for the Idaho IBM 360/75 computer. In conjunction with the testing 
efforts by CSEWG, a summary of analyses submitted by various CSEWG 
agencies for ZPR-3 Assemblies 48 and 11 has been compiled for distribution. 
Some interest ing points observed for Assembly 11 were a reactivity contri­
bution from the n,2n reaction of +0.7% k, and a +2.2% kdifference from using a 
Pu-239 fission-neutron energy distribution ra ther than the more appropriate 
U-235 distribution. 

(iii) Calculational Studies of Possible Physics Cores for ZPR-3 . 
Basic pa rame te r s have been obtained for possible physics cores in the 
benchmark se r ies at ZPR-3 . All four cores are composed of one-drawer 
cells with the following configuration: 
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where 

and 

X = 1/2-in. core diluent mater ia l consisting of one of the following 
mater ials : Na, Fe, Ni, or UjOs! 

A = l /8-in. Fe plate; 

B = l/S-in. Pu-Al plate; 

C = 1/4-in. Pu-Mo plate. 

Two reflectors, consisting of lead or depleted uranium, 
were considered in the computations. In all cases , the reflector was a s ­
sumed to be 30 cm thick. 

Homogeneous cross sections generated with the ENDF/ 
B-MC^ system were used in performing the MACH-1 calculations. Finite 
cylinder dimensions were determined using the consistent buckling method. 
Parameters relating to critical size, effective beta, and prompt-neutron 
lifetime are listed in Table I.B.I. Central perturbation worths and central 
microscopic reaction ratios are given in Tables I.B.2 and I.B.3. The cal­
culation for sodium central perturbation worth is presently being r e ­
examined in order to determine the reason for the sign change in the 
listed value. 

TABLE l.fi.i. Critical Size and Mass for Possible Basic Physics Series Cores 
in ZPR-3 Assembly IDiiuent-Redectorl 

Radius icml 

Heiglit (cm) 

Core Volume 1* 

Critical Mass 
Fissile 1kg) 

Beff 1%) 

Prompt-neutron 
Lifetime (nsec) 

Na-U 

37.0 

66.0 

283.9 

222.0 

0.291 

173 

Na-Pu 

34.0 

66.0 

240.0 

187.6 

0251 

260 

Fe-U 

37.6 

66.0 

293.1 

229.1 

0.252 

176 

Fe-Pu 

34.2 

66.0 

242.7 

189.7 

0.231 

251 

Ni-U 

36.7 

66.0 

279.3 

218.4 

0.256 

180 

Ni-Pu 

34.4 

66.0 

245.4 

191.9 

0.240 

230 

UjOg-U 

40.1 

76.0 

383.0 

299.4 

0.307 

195 

UjOg-Pu 

37.3 

71.1 

311.4 

243.4 

0.262 

307 

TABLE I.B.2. Central Perturbation Worths (Ih/kg) Assembly 
(Diluent-Reflector) 

Material 

Pu-239 
Pu-240 
Pu-241 
U-238 
Fe 
Cr 
Mi 
1^ 
U3O8 

Na-U 

711 
203 
892 

-19.7 
-14.1 
-15.9 
-27.3 
-1.6 

Na-Pu 

731 
210 
917 

•18.5 
- i i .9 
-13.7 
-26.4 

4.8 

Fe-U 

1018 
240 

1294 
-43.2 
•22.3 
-26.2 
•26.5 

Fe-Pu 

951 
226 

1205 
-40.0 
-19.6 
•23.4 
-24.8 

Ni-U 

1034 
217 

1394 
-61.9 
•4.3 
-8.9 

-17.8 

Ni-Pu 

958 
202 

1291 
•57.1 
-3.6 
-8.3 

•16.4 

U308^U 

662 
160 
907 

•22.4 
-11.8 
•16.5 
-12.9 

-16.5 

U3O8-PU 

669 
163 
917 

-20.2 
-8.3 

-12.4 
-18.6 

-13.4 
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TABLE I.B.3. Central Reaction Ratios Assembly 
(Diluent-Reflector) 

Ratio* 
Numerator 

Pu-239 fiss 

Pu-240 fiss 

Pu-241 fiss 

U-238 fiss 

U-238 cap 

Na-U 

1.08 

0.355 

1.30 

0.0048 

0.125 

Na-Pu 

1.08 

0.357 

1.30 

0.0048 

0.125 

Fe-U 

1.06 

0.308 

1.30 

0.0031 

0.132 

F e - P u 

1.06 

0.308 

1.30 

0.0031 

0.132 

Ni-U 

1.02 

0.287 

1.31 

0.0025 

0.141 

Ni-Pu 

1.02 

0.287 

1.31 

0.0025 

0.141 

UjOa-U 

0.984 

0.297 

1.30 

0.0048 

0.133 

UjOg-Pu 

0.985 

0.298 

1.29 

0.0048 

0.132 

^Denominator is U-235 fission. 

2. E x p e r i m e n t a l R e a c t o r P h y s i c s 

a. F a s t C r i t i c a l E x p e r i m e n t s - - E x p e r i m e n t a l Suppor t ( I l l inois ) 

(i) D e t e c t o r Deve lopmen t (R. Gold) 

L a s t R e p o r t e d : ANL-7527 , p . 9 (Dec 1968). 

(a) E r r o r E s t i m a t e s for I t e r a t i v e Unfolding. Some a p ­
p r o x i m a t e f o r m u l a s have been deve loped for e r r o r s a r i s i n g f r o m the 
a p p l i c a t i o n of i t e r a t i v e unfolding to e x p e r i m e n t a l m e a s u r e m e n t s . * F o r the 
p r a c t i c a l c a s e of a dominan t ly d iagona l r e s p o n s e m a t r i x of l a r g e o r d e r , it 
has b e e n shown that the r e l a t i v e e r r o r of ^he unfolded so lu t ion is a p p r o x i ­
m a t e l y that of the o r i g i n a l m e a s u r e m e n t . To d e m o n s t r a t e th i s b e h a v i o r , 
a c t u a l e x p e r i m e n t a l r e s u l t s f r o m p r o t o n - r e c o i l p r o p o r t i o n a l c o u n t e r s have 
b e e n u sed . 

(ii) On- l ine C o m p u t e r App l i ca t ions (R. Gold) 

L a s t Repo r t ed : A N L - 7 5 1 8 , pp. 13-19 (Nov 1968). 

(a) P a c k a g i n g of Ana log -Dig i t a l C o n v e r t e r s . The type of 
a n a l o g - d i g i t a l c o n v e r t e r (ADC) used for p u l s e - h e i g h t a n a l y s i s with d ig i t a l 
c o m p u t e r s i s c o m m o n l y packaged with the ADC p r o p e r and the c h a n n e l -
count s c a l e r in the s a m e e n c l o s u r e . We have found tha t such a c o n f i g u r a ­
t ion i s s u b o p t i m a l , and much is to be ga ined by having the ADC and the 
s c a l e r in s e p a r a t e e n c l o s u r e s . * * 

In m a n y s i t ua t ions it i s n e c e s s a r y o r d e s i r a b l e to have 
the c o m p u t e r and the e x p e r i m e n t in s e p a r a t e l o c a t i o n s . F o r e x a m p l e , one 

*Gold. R.. and Bennet, E. F., Error Estimates for Iterative Urifolding, I. Computer Physics 3, 167-175 (1968) 
**Cohn, C. E., Considerations in the Packaging of Analog-Digital Converters, Rev. Sci. Insti. 40, 512 (1969). 
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compu te r m a y be r e q u i r e d to s e r v e a n u m b e r of e x p e r i m e n t s l o c a t e d in 
different a r e a s . F u r t h e r m o r e , a c o m p u t e r i s a s t r o n g s o u r c e of r a d i a t e d 
e l e c t r o m a g n e t i c i n t e r f e r e n c e and so should not be l oca t ed c l o s e to low-
level e l e c t r o n i c s . 

With the c o m p u t e r l oca t ed r e m o t e l y f r o m the e x p e r i ­
men t , a dec i s ion nnust be made r e g a r d i n g the a l l o c a t i o n of the i n t e r f a c e 
equipment be tween the two a r e a s . F o r the conven t iona l con f igu ra t i on of 
ADC and s c a l e r in one package , t h e r e a r e two p o s s i b i l i t i e s , n e i t h e r of 
which a r e d e s i r a b l e . If the unit is loca ted in the c o m p u t e r a r e a , the s i g ­
nal to be analyzed m u s t be t r a n s m i t t e d over the d i s t a n c e b e t w e e n the 
two a r e a s . It is then subjec t to d e g r a d a t i o n by e x t r a n e o u s p i ckup e n r o u t e . 
If the unit is located in the exper innent a r e a , only d ig i ta l s i g n a l s n e e d to 
be t r a n s m i t t e d and the p r o b l e m of s ignal d e g r a d a t i o n is l a r g e l y e l i m i n a t e d . 
However , an e x c e s s i v e annount of cabl ing is then r e q u i r e d , s i nce each da ta 
bi t f rom the s c a l e r m u s t be t r a n s m i t t e d s e p a r a t e l y . 

DATA 
READY 

DATA-
READY 

TOGGLE 

DATA 
LINES" 

FROM 
EXPERIMENT 

INPUT 

WMP 

An equipment a l loca t ion that we have found to be m o r e 
n e a r l y op t imal is shown in F ig . I . B . I . H e r e the ADC is l oca t ed at the ex ­

p e r i m e n t and the s c a l e r a t the 
c o m p u t e r . Only t h r e e d ig i ta l s i g ­
na ls then need to be t r a n s m i t t e d . 
The c h a n n e l - a d v a n c e p u l s e s (CAP) 
a r e t r a n s m i t t e d over one cab l e 
f rom the ADC to the s c a l e r . The 
w i d t h - m o d u l a t e d pu l s e (WMP) 
(which ga tes the CAP wi th in the 
ADC) is t r a n s m i t t e d over a n o t h e r 
cable to the u sua l d a t a - r e a d y 
toggle in the s c a l e r . The t r a i l i n g 
edge of WMP, which deno te s the 
end of a c o n v e r s i o n , s e t s the 
toggle , p roduc ing a d a t a - r e a d y 
s igna l for the c o m p u t e r . The 
l a t t e r s igna l is a l s o t r a n s m i t t e d 
back to the ADC ove r a t h i r d cab l e 
to inhibit subsequen t c o n v e r s i o n s . 
When the c o m p u t e r has r e a d the 

^J—1 

AUX, 

INPUT 

COMPUTER AREA 

ONE-
SHOT 

EXPERIMENT AREA 

Fig. I.B.I. Suggested Interface Arrangement for 
Computerized Pulse-height Analysis 

data . It p r o d u c e s a c l e a r pu lse which r e s e t s the s c a l e r and the toHSle r 
moving the inhibit s ignal 

Because of t r a n s m i s s i o n d e l a y s , t h e r e i 
be tween the t e r m i n a t i o n of WMP s a t i m e la£ 

s ignal a r r i v e s . w m i c r o s e c o n d s unt i l the 
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Over f lows m a y be s e n s e d and r e j e c t e d by s u i t a b l e logic 
in the s c a l e r . T e r m i n a t i o n of c o n v e r s i o n upon over f low would r e q u i r e s t i l l 
a n o t h e r cab l e b a c k to the ADC. This f e a t u r e m a y be fo r egone with l i t t l e 
pena l t y if the u p p e r - l e v e l d i s c r i m i n a t o r in the ADC is p r o p e r l y se t . 

The s e p a r a t e d con f igu ra t i on h a s the add i t i ona l a d v a n t a g e 
of m a k i n g the s c a l e r i n d e p e n d e n t l y usefu l . The s c a l e r m a y be u s e d to count 
p u l s e s f r o m a s o u r c e o t h e r than the ADC, and to r e a d the a c c u m u l a t e d count 
into the c o m p u t e r on c o m m a n d . The add i t i ona l a r r a n g e m e n t s n e e d e d a r e 
shown by do t ted l i nes in F ig , I . B . I . The p u l s e s to be counted a r e t a k e n 
t h r o u g h a ga te into the s c a l e r input , r e p l a c i n g the p u l s e s f r o m the ADC. 
(The ga te p r e v e n t s count ing whi le a c c u m u l a t e d da t a a r e be ing r e a d . ) Read ing 
is c o m m a n d e d by a s i g n a l t r i g g e r i n g the d a t a - r e a d y togg le . (If the coun t s 
a r e to be r e a d at u n i f o r m t i m e i n t e r v a l s , for e x a m p l e , the r e a d c o m m a n d s 
m a y c o m e f r o m a c lock g e n e r a t o r . ) 

b . P l a n n i n g and E v a l u a t i o n of F F T F C r i t i c a l A s s e m b l y E x p e r i m e n t s 

(A. T r a v e l l i ) " 

L a s t R e p o r t e d : A N L - 7 5 6 1 , pp. 6-8 ( M a r c h 1969). 

(i) C a l c u l a t i o n of R e a c t i o n - r a t e T r a v e r s e s in Z P R - 3 ^ A s s e m -
bly 56B. The r a d i a l v a r i a t i o n s of " ' P u f i s s i on , " ' U f i s s i on , and B 
c a p t u r e d e t e c t o r r e s p o n s e s in Z P R - 3 A s s e m b l y 56B have b e e n c a l c u l a t e d . 
The flux d i s t r i b u t i o n was ob t a ined us ing the 2 9 - g r o u p c r o s s - s e c t i o n s e t 
(29004, 2) ( s ee ANL-7651) in o n e - d i m e n s i o n a l c y l i n d r i c a l - t r a n s p o r t t h e o r y 
in the S-4 a p p r o x i m a t i o n . The SNARG-ID* code was u s e d in the c a l c u l a ­
t ions wi th the t r a n s p o r t a p p r o x i m a t i o n for the a n i s o t r o p i c s c a t t e r i n g . 

The a x i a l l e akage was s i m u l a t e d by a DB^ a b s o r b e r . The 
t r a n s v e r s e buck l ing (6.202 x lO"* c m " ' ) w a s ob ta ined t h r o u g h a s e r i e s of 
c y l i n d r i c a l and s l a b c a l c u l a t i o n s c o n v e r g i n g by i t e r a t i o n to a p a i r of c a l c u ­
l a t i ons c o r r e s p o n d i n g to the s a m e k and to t r a n s v e r s e b u c k l i n g s up to the 
m a t e r i a l buck l ing (1.879 x 1 0 " ' c m " ' ) . The d i m e n s i o n s and m a t e r i a l c o m ­
p o s i t i o n s of the c y l i n d r i c i z e d r e a c t o r a r e g iven in A N L - 7 5 6 1 , pp. 9 -10 and 
have b e e n c o r r e c t e d [ ( see Sect . I. B. 3 .a . (v i i ) ] . 

Two r e a c t i o n - r a t e t r a v e r s e s w e r e c o m p u t e d for e a c h of 
the t h r e e d e t e c t o r t y p e s f r o m the n e u t r o n - f l u x d i s t r i b u t i o n . The c a l c u ­
l a t i on for the f i r s t r e a c t i o n - r a t e t r a v e r s e u s e d the 2 9 - g r o u p c r o s s s e c t i o n s 
ob t a ined f r o m a 2 . 1 0 0 - g r o u p f u n d a m e n t a l - m o d e M C ' flux a v e r a g i n g * * for 
the c o r e c o m p o s i t i o n a t c r i t i c a l i t y . The flux w a s n o r m a l i z e d so tha t the 
r e a c t i o n r a t e o b t a i n e d w a s uni ty at the c o r e c e n t e r . C a l c u l a t i o n for the 
s e c o n d r e a c t i o n - r a t e t r a v e r s e was m a d e with the 2 9 - g r o u p c r o s s s e c t i o n s 
o b t a i n e d f r o m a 2 , 1 0 0 - g r o u p f u n d a m e n t a l - m o d e M C ' flux a v e r a g i n g for the 

*Duffy, G. J., et al., ANL-7221 (1966). 
**Toppel. B. J . . ^ al.. ANL-7318 (1967). 
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Radial Reaction-rate Traverses 
in ZPR-3 Assembly 56B 

r e f l e c t o r c o m p o s i t i o n with z e r o buck l ing . 
The s a m e flux, with the s a m e n o r m a l i z a t i o n , 
was used as in the c a l c u l a t i o n for the f i r s t 
r e a c t i o n - r a t e t r a v e r s e . 

The c o m p u t e d r e s p o n s e s for the t h r e e 
t ypes of d e t e c t o r s a r e c o m p a r e d in F i g . I .B.2 
with the e x p e r i m e n t a l v a l u e s r e p o r t e d in 
A N L - 7 6 5 1 . The e x p e r i m e n t a l da t a a r e in ­
d i c a t e d by c r o s s e s , the r e a c t i o n r a t e s ob­
t a ined in the f i r s t c a l c u l a t i o n ( c o r e s p e c t r u m 
a v e r a g i n g ) a r e i n d i c a t e d by the dot ted c u r v e s 
l a b e l e d " 1 , " and the r e a c t i o n r a t e s obta ined in 
the s e c o n d c a l c u l a t i o n ( r e f l e c t o r s p e c t r u m 
a v e r a g i n g ) a r e i n d i c a t e d by the dot ted c u r v e s 
l a b e l e d " 2 . " T y p e - 1 c u r v e s a r e va l id c lo se to 
the c o r e c e n t e r , and t y p e - 2 c u r v e s in the 
r e g i o n s we l l i n s i d e the r e f l e c t o r . In the r e ­
gion c l o s e to the c o r e - r e f l e c t o r i n t e r f a c e , and 
on both s i d e s of i t , the s p e c t r u m in the r e a c t o r 
c h a n g e s r a p i d l y and s o m e w h a t i r r e g u l a r l y 
f r o m the c o r e s p e c t r u m to the r e f l e c t o r 
s p e c t r u m , and the r e s u l t s of m o r e a c c u r a t e 
c a l c u l a t i o n s involving s p a c e - d e p e n d e n t c r o s s 
s e c t i o n s would be e x p e c t e d to fal l s o m e w h e r e 
b e t w e e n c u r v e s 1 and 2. 

The c a l c u l a t e d c u r v e s shown in 
F i g . I .B.2 w e r e not c o r r e c t e d for the i r ­
r e g u l a r m a t r i x con tour tha t m a d e the c o r e 

of A s s e m b l y 56B d i f f e ren t f r o m a p e r f e c t c y l i n d e r , no r for h e t e r o g e n e i t y 
e f f e c t s . T h e s e effects a r e e s t i m a t e d to shift the c a l c u l a t e d c u r v e s 
o u t w a r d s by a d i s t a n c e b e t w e e n 1 and 2 c m in the r e g i o n c l o s e to the c o r e -
r e f l e c t o r i n t e r f a c e . The r e s u l t s shown in F i g . I .B.2 i n d i c a t e good a g r e e ­
m e n t b e t w e e n e x p e r i m e n t s and c a l c u l a t i o n s . The f i s s i o n r a t e of ^^'Pu is 
s l i g h t l y u n d e r e s t i m a t e d by the c a l c u l a t i o n s a t the edge of the c o r e and o v e r ­
e s t i m a t e d in the r e f l e c t o r ; the l a r g e s t r e l a t i v e d i s c r e p a n c y is a p p r o x i m a t e l y 
6%. The c a l c u l a t i o n of the f i s s i o n - r a t e t r a v e r s e in ^^^U fa l l s a p p r o x i m a t e l y 
wi th in the e x p e r i m e n t a l a c c u r a c y of the m e a s u r e m e n t s . The c a l c u l a t i o n of 
the B c a p t u r e - r a t e t r a v e r s e shows q u a l i t a t i v e l y the m e a s u r e d s p a t i a l 
b e h a v i o r , but o v e r e s t i m a t e s the p e a k v a l u e in the r e f l e c t o r by a p p r o x i m a t e l y 
12%. 

The s p r e a d b e t w e e n the c a l c u l a t e d c u r v e s 1 and 2 shows 
c l e a r l y tha t the c a l c u l a t i o n s of the f i s s i o n ' t r a v e r s e s of ^^'Pu a r e v e r y 
s e n s i t i v e to the r e s o n a n c e s e l f - s h i e l d i n g and to the u l t r a f ine s p e c t r u m 
c h o s e n in c o l l a p s i n g the f i s s i o n c r o s s s e c t i o n s of 
t i v e l y f i n e - e n e r g y s t r u c t u r e of se t (29004, 2). 

^Pu even o v e r the r e l a -
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The axial variations of the same three detector responses 
in Assembly 56B have also been calculated in a completely s imilar manner 
except the neutron-flux distribution was obtained from a t ranspor t - theory 
solution of the one-dimensional slab in the S-4 approximation. The t r an s ­
verse buckling (1.258 X 10"^ cm'") and value of k (0.998) were consistent 
with the previous radial calculation. 

The experimental axial t r ave r se for "°U shows a slight 
depression at the midplane of the reactor . At this position, which is the 
mating plane of the two halves, the columns of plates constituting the core 
loading are interrupted by the stainless steel drawer end plates. A c o r r e ­
sponding gap was not introduced into the analytical model. 

The calculated curves were based on a solution which 
assumed simply that the outer edge of the axial reflector was ba re , thus 
causing the calculated detector responses to approach zero rapidly at that 
boundary. Actually, the scattering of neutrons by the stainless steel 
matr ix s t ructure outside the reflector is complicated by axial neutron 
streaming up the empty matr ix tubes. The analytical model was too 
simple to adequately represen t these features. This effect is apparent 
in the calculated detector responses , which are too high near the outer 
edge of the reflector for " ' P u fission and ' " B capture, both of which are 
more sensitive to the neutron spectrum in the reflector than is the U 
fission. 

Otherwise, agreement between the calculated and the 
measured responses was within 7% for the axial variat ions. 

3. ZPR-3 Operations and Analysis 

a. Mockup Studies (W. G. Davey and R. L. McVean) 

Last Reported: ANL-7561, pp. 8-15 (March 1969). 

(i) FTR Crit ical P rogram. Experiments with Assembly 56B, 
which is Assembly I of the FTR Resumed Phase B cr i t ical exper iments , 
were concluded. The completed experiments included the measurement 
of axial worth t r a v e r s e s , of central fission rat ios, of the ratio of capture 
in U-238 to fission in U-235 at the core center , edge, and in the reflector. 
of the worth of poison control composition and axial reflector composition 
at the core center , and two poison control composition geometr ies at the 
core edge. 

This repor t concludes the reporting of experimental data 
from Assembly I, with the exception of the foil measurements of the cap­
ture in U-238 to fission in U-235. which are still being analyzed. Cor rec ­
tions to the March report a re included. 



Upon completion of the experiment, the nickel of the ref lec­
tor was moved to ZPPR to continue with the FTR Resumed Phase B P r o g r a m 
there. 

FTR-I is now cri t ical in ZPPR. 

(ii) Measurements of Small-sample Central Worth in 
Assembly 56B. The central worths of U-235, U-238, Pu-239, B-10. Ta. 
Fe. Cr, Ni, Na, and Li-6 were measured. In addition, the worths of poly­
ethylene. C, and Type 304 stainless steel were measured as necessa ry 
auxiliary worths. 

The measurements were made by monitoring the position 
of the autorod while alternating a sample and a dummy at a location near 
the center of the reactor. The sample and dummy were placed in c a r r i e r s 
and oscillated inside a l /2- in.-dia:radial through-tube to place them 
alternately within the l -P-16 matrix location. The through-tube passed 
through a 3/4 x 2-in. tunnel at the front of the drawers in the P- row of 
Half No. 1. the stationary half. To form the tunnel, the plates in the P-row 
drawers were rotated 90°, and the plates in the middle 3/4-in.-wide section 
were pushed back from the drawer front by 2 in. This required minor 
additional changes in plate sizes and distribution. The resulting core con­
figuration was the same as used for the radial reaction rate and worth 
t raverse measurements (see Fig. I.B.8, p. 16 of ANL-7561). 

The reactivity effects of the sample-dummy interchanges 
were determined from the average positions of the calibrated autorod as 
it maintained a constant power during the oscillations. The experimental 
configuration is a push rod, sample holder, spacer rod, dummy holder, 
and follower rod. The sample and dummy were separated by 40 in. so that 
either the sample or dummy was in the assembly at any time with a rod 
on both radial sides. The positions of the autorod were determined from 
the output of a potentiometer attached to its drive shaft. These were con­
verted to pulse frequencies in an analog-to-digital converter. The average 
positions were determined by counting the pulses during 100-sec intervals . 
The autorod worth was p = -0.12718X - (6.8255 x 10"^)X^, where p is in 
Ih and X is the counting rate in kc corresponding to the rod position. The 
difference between the worth of the sample and the worth of the dummy 
was obtained by taking the difference between the autorod worth with a 
sample/dummy in the assembly and the average of the dummy/sample 
worth measurements preceding and following it. This procedure el imi­
nated the effects of long-term reactivity drifts. 

The samples used were cylindrical or annular in shape 
and are described in Tables LB.4 and I.B.5. 
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M a t e r i a l 

P u * 

P u * 

P u ' 
Ud 
U« 
B (Set No. 2)f 
B (Set No. l)f 
Ta 
Ta 
Ta 
Polye thy lene 
Polye thylene 
Polye thylene 

TABLE I B . 4 . 

Th ickness 

0.007 
0.020 
0.006 
0.0034 
0.022 
0.010 
0.020 
0.0053 
0.010 
0.015 
0.007 
0.0255 
0.0537 

(in.) 

Dimens ions of Annul 

C i r cumfe ren t i 
Length {in.} 

1.150 
1.068 
1.150 
1.193 
1.186 

1.196 
1.196 
1.196 

-

a l b 

lar Sannples 

Axial Length 
( i n . ) 

1.838 
1.855 
1.838 
1.978 
1.973 
1.688 
1.688 
1.971 
1.977 
1.976 
2.008 
2.016 
2.000 

Outside 
D i a m e t e r of 
Annulus (in.) 

0.390 
0.390 
0.390 
0.386 
0.397 
0.391 
0.391 
0.390 
0.393 
0.397 

0.420 
0.420 

^98.62 w / o Pu, 1.22 w / o Al, 0.16 w /o o ther ; 95.05 w/o P u - 2 3 9 , 450 w /o Pu-240 

0.45 w / o P u - 2 4 1 . 

bThe annula r s a m p l e s of Pu, U, and Ta w e r e made by bending a p iece of foil into a 
cy l inder The c i r c u m f e r e n t i a l length is the width of the foil p iece 

C98 78 w / o Pu, 1.09 w / o Al, 0.13 w /o o ther ; 72.24 w/o Pu -239 . 22.28 w /o Pu-240 
4.63 w / o P u - 2 4 1 , 0.79 w / o Pu -242 . 

<*93.10 w / o U-235. 
e0.40 w / o U-235. 
' 92 .8 w / o B, 92.1 w / o of B i s B-10. 

TABLE l .B.5 . Dimensions of Cyl indr ica l Samples 

Mate D iame te r {in. Axial Length {in.) 

Pu» 
Pub 
U<: 
Ud 
B* 
Ta 
Polye thy lene 
SS-304, F e , Ni, C 
Cr (powder) , Na 
L i - 6 

0.201 
0.200 
0.200 
0.420 
0.200 
0.200 
0.416 
0.420 
0.3906 

f 

1.918 
1.928 
2.002 
2.002 
1.688 
2.003 
2.00 
2.00 
1.688 

f 

^98.60 w / o Pu, 1.24 w /o Al, 0.16 w /o o ther ; 95.06 w/o Pu -239 . 4 49 . 
P u - 2 4 0 , 0.45 w / o P u - 2 4 1 . 

b98.78 w / o Pu, 1.09 w / o Al, 0.13 w /o o ther ; 72.24 w /o Pu -239 , 22 28 
Pu -2 4 0 , 4.63 w / o P u - 2 4 1 , 0.79 w /o P u - 2 4 2 . 

<:93.16 w / o U-235. 
do.21 w / o U-235 . 
*92.8 w / o B, 92.1 w / o of B is B-10 . 

fThe L i - 6 s a m p l e is conta ined in a s tee l capsule which is 0.364 in. ii 
d i a m e t e r and 2 in. long. 
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The measured worths are given in Table I.E.6. The values 
given are based on the measured sample worths relative to those of their 
dummies, after corrections where necessary for the reactivity worths of 
the differences in stainless steel mass between the sample and dummy, the 
relative worth of the empty ca r r i e r s , and the worth of the hydrogen content 
of the samples. The uncertainties are the square root of the sums of the 

TABLE I.B.6. C e n t r a l P e r t u r b a t i o n M e a s u r e m e n t s in A s s e m b l y 56 

Sample M a s s (g) 

Pu^ 
Pu'= 

Ug 

Polyethylene 

SS-304 

F e 

CrJ 

Ni 

Na 

C 

L i - 6 

L i - 6 Capsule Blank 

Empty C a r r i e r s 

Sample 

0 .201- in . -d ia Cyl inder 
0 .020- in . - th ick Annulus 
0 .007- in . - th ick Annulus 
0 .200- in . -d ia Cylinder 
0 .006- in . - th ick Annulus 

0 .200- in . -d ia Cyl inder 
0.0034-in.-thick Annulus 
0 .420- in . -d ia Cylinder 
0 .022- in . - th ick Annulus 

0 .200- in . -d ia Cyl inder 
0 .020- in . - th ick Annulus 
O.OlO-in.-thick Annulus 

0 .200- in . -d ia Cyl inder 
0 .015- in . - th ick Annulus 
0 .010- in . - th ick Annulus 
0 .005- in . - th ick Annulus 

0.41 6 - in . -d ia Cyl inder 
0 .054- in . - th i ck Annulus 
0 .023- in . - th ick Annulus 
0 .007- in . - th ick Annulus 

0 .42 - in . -d i a Cylinder 

0 .42 - in . -d i a Cyl inder 

0 .42 - in . -d i a Cyl inder 

0 .42 - in . -d i a Cylinder 

0 .42 - in . -d i a Cyl inder 

0 .42 - in . -d i a Cyl inder 

0 .42 - in . -d i a Cyl inder 

Mater ia l 

14.965 
9.315 
2.761 

15.063 
2.400 

19.63 
2.327 

85.76 
15.27 

1.011 
0.691 
0.406 

17.13 
9.670 
6.701 
3.300 

4.072 
1.910 
0.865 
0.413 

35.90 

35.90 

12.017 

40.30 

3.003 

6.910 

0.94 

7.73 

Stainless 
Steel 

6.655 
6.498 
6.597 
6.599 
6.261 

-
1.826 

-
1.412 

3.096 
12.243 
11.550 

-
1.774 
1.836 
1.815 

-
-
-
-
-
-

6.736 

-
6.665 

-
7.41 

_ 

M a t e r i a l Wor th^ 
( Ih /kg) 

398.5 ± 1.0 
385.1 + 1.7 
358.2 ± 5.8 
337.6 ± 1.0 
307.2 ± 6.7 

276.36 ± 0.82 
274.9 ± 4.9 

-16.74 + 0.15 
-15.59 ± 0.96 

-5263 ± 15 
-5633 ± 17 
-5757 ± 33 

-95.18 +0.80 
-105.5 ± 1.6 
-108.8 ± 2.4 
-116.0 ± 4.4 

1080.4 ± 3.9 
828.7 ± 8.4 
680 ± 18 
628 ± 29 

-13.08 ± 0.34 

-12.29 ± 0.34 

-12.7 ± 1.1 

-16.83 ± 0.39 

-8.9 ± 4.1 

-24.9 ± 2.3 

-4299 ± 23 

-12.4 ± 2.0 

+0.0457 ± 0.0070 (Ih) 

^98.60 w/o Pu, 1.24 w/o Al, 0.16 w / o oti ier; 95.06 w / o P u - 2 3 9 , 4.49 w / o P u - 2 4 0 , 0.45 w / o P u - 2 4 1 . 
" C o r r e c t e d for tile s t a i n l e s s s t ee l . 
':98.62 w/o Pu, 1.22 w / o Al, 0.16 w / o oti ier; 95.05 w / o P u - 2 3 9 , 4.50 w / o P u - 2 4 0 , 0.45 w / o P u - 2 4 1 . 
^98.78 w/o Pu, 1.09 w / o Al, 0.13 w / o oti ier; 72.24 w / o P u - 2 3 9 , 22.28 w / o P u - 2 4 0 , 4 .63 w / o P u - 2 4 1 , 

0.79 w/o P u - 2 4 2 . 
=93.16 w / o U-235. 
f93.10 w / o U-235. 
go.21 w / o U-235. • 
ho.40 w / o U-235 . 
i 9 2 . 8 w / o B, 92.1 w / o of B is '°B. 
j inc ludes 200 ppm H. Tlie quoted wor th lias been c o r r e c t e d for the r e a c t i v i t y effect of th is i m p u r i t y . 



s q u a r e s of the u n c e r t a i n t i e s of the m e a s u r e d w o r t h s and t h e s e c o r r e c t i o n s . 
They app ly to the w o r t h s of the s a m p l e s r e l a t i v e to o t h e r s in the s e t An 
u n c e r t a i n t y of ± 1% of the w o r t h m u s t be added (us ing v e c t o r addi t ion) to get 
the u n c e r t a i n t y of the w o r t h s in t e r m s of a b s o l u t e r e a c t i v i t y . Th i s i n c r e a s e 
IS the u n c e r t a i n t y in the a b s o l u t e w o r t h of the a u t o r o d . The m a j o r con ­
t r i b u t o r to the l i s t ed u n c e r t a i n t i e s w a s r e a c t o r n o i s e . I t s ef fects w e r e c a l ­
c u l a t e d f r o m the equa t ion d e r i v e d by Benne t t and L o n g . * The m e a s u r e m e n t s 
w e r e m a d e at a p o w e r of 13 | W. 

The wor th of the h y d r o g e n in the p o w d e r e d c h r o m i u m s a m p l e 
was ob ta ined f r o m the po lye thy lene w o r t h s . The l i n e a r e x t r a p o l a t i o n to inf i ­
n i te d i lu t ion of t h e s e w o r t h s when p lo t ted v e r s u s the p r o d u c t of the a t o m 
d e n s i t y t i m e s the m e a n c h o r d length gave a va lue of 578 ± 47 I h / k g for 
p o l y e t h y l e n e . The m e a s u r e d wor th of c a r b o n was u s e d to c o r r e c t for the 
c a r b o n con ten t of the po lye thy l ene . The r e s u l t i n g h y d r o g e n wor th of 
n o , , 4- n l c . ' / ^^'^^^ ^^^^ ^ r e a c t i v i t y effect in the c h r o m i u m s a m p l e of 
U.8J2 - 0.067 I h / k g of c h r o m i u m powde r , or a p p r o x i m a t e l y 7% of the m e a ­
s u r e d w o r t h of the c h r o m i u m s a m p l e . This c o r r e c t i o n was m a d e to obta in 
the c h r o m i u m wor th given in Table L B . 6. 

(iii) Axial R e a c t i o n - r a t e T r a v e r s e s for A s s e m b l y 56B. R e a c t i o n -
T ? ? , ! " ' ^ ' ' ^ " ' ' ^ ^""^ " ' ^ ' ' ^ '" A s s e m b l y 56B to obta in the s p a t i a l v a r i a t i o n of 
U-238 f i s s i o n . P u - 2 3 9 f i s s ion , and B-10 c a p t u r e in the ax ia l d i r e c t i o n The 
a n a l y s i s of the count r a t e inc luded a s m a l l c o r r e c t i o n for d e a d - t i m e l o s s e s 
and a n o r m a l i z a t i o n to the a v e r a g e count r a t e ob ta ined at the r e a c t o r 
m i d p l a n e . 

The s a s u r e m e n t s a r e p lo t ted in F i g s . L B . 3 , L B . 4 , and L B . 5 . 

C o u n t - r a t e da ta w e r e t aken while the r e a c t o r p o w e r was 
held c o n s t a n t by an a u t o r o d in m a t r i x loca t ion 0 - 2 5 . The c o u n t e r s w e r e the 
s a m e c o u n t e r s which w e r e d e s c r i b e d in ANL-7561 for the r a d i a l t r a v e r s e s 
The c o u n t e r s w e r e a t t a c h e d to the t r a v e r s i n g m e c h a n i s m by a s t a i n l e s s s t e e l 
tube (of 0 .376 - in . OD and 0 .035- in . wal l t h i c k n e s s ) . The c o u n t e r s and 
t r a v e r s e tube s l id i n s i d e a s t a i n l e s s s t e e l guide tube (of 0 .504- in . OD and 
0 .474- in . ID) which ex tended th rough the c o r e and ax ia l r e f l e c t o r in the 
c e n t e r of the P - 1 6 m a t r i x pos i t i on . The guide tube was c e n t e r e d in a 1 x 
3 / 4 - i n . s p a c e f o r m e d by a r e c t a n g u l a r s t a i n l e s s s t e e l box (0 .015- in . th ick) 
This box, or s h e a t h tube , ex tended the length of the c o r e and ax ia l r e f l e c t o r . 
F i g u r e L B . 6 shows the a r r a n g e m e n t of m a t e r i a l and the pos i t ion of the c o m ­
ponen t s i n s i d e the d r a w e r s . This d r a w e r a r r a n g e m e n t was a l s o used for 
the r e a c t i v i t y t r a v e r s e s in which p e r t u r b a t i o n s a m p l e s of B-10 and P u - 2 3 9 
w e r e t r a v e r s e d to obta in the s p a t i a l v a r i a t i o n of t h e i r w o r t h s . 

* Bennett. E. F., and Long, R. L., Precision Umitatiom in the Measurement of Small Reactivitv Chance. 
Nucl. Sci. Eng. 17, 425-432 (IsisK ' ' ' ' ^^' 
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Axial Traverse Measurements in Assembly 56B of ZPR-3 

(iv) M e a s u r e m e n t s of C e n t r a l and P e r i p h e r a l Bo ro n Rod Wor th 
The w o r t h s of r e p l a c i n g the c e n t r a l m a t r i x pos i t ion of c o r e m a t e r i a l by axial 
r e f l e c t o r c o m p o s i t i o n and by po i son c o n t r o l c o m p o s i t i o n (B4C + Na) w e r e 
m e a s u r e d by s u b c r i t i c a l t e c h n i q u e s . S i m i l a r l y , the w o r t h s of i n s e r t i n g 
p o i s o n c o n t r o l c o m p o s i t i o n d r a w e r s at v a r i o u s locat ions in p l a c e of r a d i a l 



r e f l e c t o r compos i t i on w e r e m e a s u r e d . The s t a n d a r d e x p e r i m e n t a l d e t e c t o r 
channel which was used to m e a s u r e the ef fec t ive s o u r c e t e r m and to c a l i ­
b r a t e the c o n t r o l r o d s was used for the c e n t r a l d r a w e r m e a s u r e m e n t s . F o r 
the p e r i p h e r a l m e a s u r e m e n t s , t h r e e add i t i ona l d e t e c t o r s w e r e l o c a t e d a t 
v a r i o u s pos i t ions in the r e a c t o r to p r o v i d e i n f o r m a t i o n on the ef fec ts of 
de t ec to r loca t ion on the m e a s u r e d d e g r e e of s u b c r i t i c a l i t y . The p e r i p h e r a l 
po ison con t ro l compos i t i on w o r t h s show a def in i te d e p e n d e n c e on the c o u n t e r 
locat ion, 

(a) De t ec to r L o c a t i o n s . The s t a n d a r d flux d e t e c t o r s a r e 
the two c u r r e n t c h a m b e r s l abe led 4a and 4b in T a b l e L B . 7 ( s ee a l s o 
F ig . I .B.8) . These c h a m b e r s , f i l led with B F j gas at 1 a t m , a r e 7.6 c m in 
d i a m e t e r with an ac t ive length of 19 c m . The two c h a m b e r s a r e c o n n e c t e d 
in p a r a l l e l , and the c u r r e n t is m e a s u r e d with a h i g h - s t a b i l i t y e l e c t r o m e t e r . 
The e l e c t r o m e t e r output is d ig i t ized by a v o l t a g e - t o - f r e q u e n c y c o n v e r t e r , 
and the r e s u l t a n t p u l s e s a r e s u m m e d in a p r e c i s i o n E P U T m e t e r to y ie ld a 
digi ta l count r a t e p r o p o r t i o n a l to the c h a m b e r c u r r e n t . 

TABLE LB.7 . De tec to r Loca t ions for the C e n t r a l D r a w e r Subs t i t u t i ons 
and the P e r i p h e r a l Bo ron Rod Wor th E x p e r i m e n t s 

G e o m e t r i c L o c a t i o n 

De tec to r M a t r i x D i s t a n c e f r o m 
No, Type^ Signal E l e m e n t R a d i u s ^ (cm) M i d p l a n e ^ (cm) 

1 P C P u l s e l - P - 1 6 0 7.6 
2 P C P u l s e 2 - P - 1 6 0 63 
3 P C P u l s e l - T - 1 2 31 -3 63 

4a + 4b IC C u r r e n t E x t e r n a l ~110 15 

^AU d e t e c t o r s w e r e BF3 g a s - f i l l e d c h a m b e r s P C - - p r o p o r t i o n a l 
coun te r ; I C - - i o n c h a m b e r . 

"Dis t ance to c e n t e r of the ac t ive v o l u m e . 

The t h r e e add i t iona l d e t e c t o r s w e r e a l l BF3 g a s - f i l l e d 
p r o p o r t i o n a l c o u n t e r s . De t ec to r No. 1 w a s 0.9 c m in d i a m e t e r with an 
act ive length of 5.1 c m . D e t e c t o r s 2 and 3 w e r e 2.5 c m in d i a m e t e r with 
act ive lengths of 15 cm. The da ta for D e t e c t o r 1 w a s t a k e n on a p u l s e -
height a n a l y z e r . The loca t ions of the d e t e c t o r s w e r e c h o s e n to eva lua t e 
the i r influence upon the indiv idual count r a t e s a s i n t e r p r e t e d by the 
s t anda rd s u b c r i t i c a l t echn ique . D e t e c t o r 1 m e a s u r e d the change r e a c t i o n 
r a t e at the co re c e n t e r ; hence , a s i m p l e a n a l y s i s b a s e d on r e s u l t s f r o m 
this de tec to r would s e e m in tu i t ive ly to y ie ld the m o s t n e a r l y c o r r e c t 
answer . De tec to r 2 p r e d o m i n a n t l y m e a s u r e d the change in a x i a l l e a k a g e ; 
hence, it could be expec ted to yie ld too s m a l l a change and t h e r e f o r e too 
sma l l a r eac t i v i t y wor th for the p o i s o n c o n t r o l c o m p o s i t i o n s . D e t e c t o r s 4a 
and 4b, which m e a s u r e d the change in r a d i a l l e a k a g e , could be e x p e c t e d to 



yield too large a change and therefore too large a reactivity worth for the 
poison control composition. The actual worth could be expected to be 
between those calculated from the change in axial leakage and the change 
in radial leakage. Detector 3 measured a mixture of many effects with 
possible localized effects due to the proximity of the poison control com­
position Itself; hence, the resul ts based on this detector should be the most 
difficult to in terpre t as to physical meaning. 

,„ ^' should be noted that all of the detectors measure 
the B reaction rate, whereas the degree of subcriticality is pr imar i ly 
determined by the total fission rate of all fissionable mater ia ls in the 
core. On the whole, the difference among the reactivity es t imates based 
on the various counters point to some considerable difficulty in evaluating 
the subcrit icali ty of systems of this type. An accurate analysis of the 
experiment should probably take into account the resul ts obtained for each 
individual counter. 

i^) Source Comparison and Intercalibration. The effective 
source te rm had been measured for the reference core by the period tech­
nique. The reference loadings for the central measurements were identical 
to the reference core (see P rog re s s Report for February 1969, ANL-7553). 
The reference loadings for the per ipheral poison control composition worth 
measurements were also identical to the reference core except for the 
additional counters . The source t e rm measured by the period technique 
for the 10- scale of the e lec t rometer (Detectors 4a + 4b) was 2.740 ± 0.026. 
where the uncertainty was calculated by the standard rms technique for 
data from four period measurements . The source te rm was also measured 
at the s tar t of the poison control composition*measurements by the two-
power level technique using the total stroke of the calibrated control rod. 
This value was measured as 2.748 ± 0.028, where the uncertainty is calcu­
lated from the nominal 1% uncertainty assigned to the rod calibration. The 
two values differ by only 0.3%. 

The intercalibration technique follows directly from 
the fact that all detectors must yield the same k^^ (sub) at any constant 
power level. Hence, 

kex(sub) = - Qi = . Qi-
n, nj 

where Qj is the effective source te rm for detector i and n̂  the count rate 
of detector i. Each of the additional detectors was intercal ibrated against 



the s t a n d a r d flux m o n i t o r a t a c o n s t a n t s u b c r i t i c a l power l e v e l . E a c h p u l s e 
coun te r has only one effect ive s o u r c e t e r m , but the e l e c t r o m e t e r c a n be 
c o n s i d e r e d as having a d i s t i nc t s o u r c e t e r m for e a c h r a n g e . The r a n g e 
r a t i o s have b e e n m e a s u r e d to 0 .1%, so tha t any u n c e r t a i n t i e s a r e not due to 
r a n g e changes be tween e x p e r i m e n t s . The s o u r c e t e r m for e a c h d e t e c t o r is 
given in Tab le L B . 10. 

(c) R e s u l t s of the C e n t r a l M a t r i x P o s i t i o n Subs t i t u t ion 
E x p e r i m e n t s . The w o r t h s of subs t i t u t ing the c e n t r a l d r a w e r s wi th a x i a l 
r e f l e c t o r s o r with po i son c o n t r o l c o m p o s i t i o n s w e r e m e a s u r e d as a s e t of 
s u c c e s s i v e e x p e r i m e n t s dur ing a s ingle d a y ' s o p e r a t i o n . The f i r s t r e f e r ­
ence was p e r f o r m e d , the c e n t r a l c o r e d r a w e r in bo th h a l v e s was r e p l a c e d 
with ax ia l r e f l e c t o r compos i t i on , the s econd r e f e r e n c e was p e r f o r m e d , and 
then the c e n t r a l c o r e d r a w e r was r e p l a c e d wi th p o i s o n c o n t r o l c o m p o s i t i o n 
in the r eg ion which would n o r m a l l y con ta in fuel c o m p o s i t i o n . The d r a w e r 
loadings for the c e n t r a l d r a w e r subs t i t u t i ons a r e shown in F i g . L B . 7 and 
the compos i t i ons a r e given in Table L B . 8 . 

1 "• 1 

1 "' 1 

1 •' 1 

1 V 1 
0" 8" 

DRAWER LOADING USED 

Na 

Ni 

Na 

Ni 

Na 

1 4 " I S " 2 
FOB CENTRAL WORTH MEASUREMENTS 

1 N . 1 

1 ",c 1 

1 •• 1 
1 »,o 1 

1 Na 1 

NI 

Na 

Hi 

Ni 

H\ 

Ha 

HI 

DRAWER LOADING USED FOR MEASUREMENTS IN THE RADIAL REFLECTOR 

Fig. I.B,7. Drawer Loadings forReactivity Measure­
ments of B4C in Assembly 56B of ZPR-3 

TABLE I.B.8. Poison Control Composition for 
Assembly 568 of ZPR-3 (a/b-cm) 

Central Experiment Peripheral Experiment 

Na 

B-10 

B-11 

C 

fe 

Cr 

Ni 

Mn 

Si 

0.009250 

0.007124 

0.02889 

0.009331 

0.009642 

0.002470 

0.001115 

0.0001202 

0.0001394 

0008736 

0.007145 

002897 

0.009358 

001054 

0.002651 

0.001177 

0.0001192 

0.0001391 

The e x p e r i m e n t a l da ta a r e g iven in Tab le L B . 9 , w h e r e 
a l l m e a s u r e m e n t s have been c o r r e c t e d to the a v e r a g e c o r e t e m p e r a t u r e of 
the f i r s t r e f e r e n c e . The d e g r e e of s u b c r i t i c a l i t y in t e r m s of k w a s c a l c u ­
la ted by the s t a n d a r d r e l a t i o n s h i p 

•^ex'^"^) = - QiAi . 

and kex was conve r t ed to r e a c t i v i t y in i n h o u r s by the r e l a t i o n s h i p 

kov-
p(sub) 

1 + kex 
X Conv, 
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w h e r e Conv = 1,039.08 I h / % p . Note tha t the e f fec t ive s o u r c e t e r m given 
in the t a b l e is tha t which was m e a s u r e d for the r e f e r e n c e c o r e . S o u r c e 
n e u t r o n s w e r e r e m o v e d f r o m t h e i r p o s i t i o n of h i g h e s t w o r t h when the 
c e n t r a l d r a w e r was r e m o v e d for the s u b s t i t u t i o n s , but the d e g r e e of s u b ­
c r i t i c a l i t y , and h e n c e the va lue of to ta l Ap, w e r e c a l c u l a t e d a s s u m i n g tha t 
the s o u r c e had not changed f r o m the r e f e r e n c e c o r e . The e x p e r i m e n t a l 
da t a m u s t be c o r r e c t e d by a c a l c u l a t e d va lue for the change in s o u r c e . 
H o w e v e r , s i n c e the effect ive s o u r c e was r e d u c e d by the s u b s t i t u t i o n s the 
va lue s of to ta l Ap r e p o r t e d in T a b l e L B . 9 can be r e g a r d e d as u p p e r l i m i t s 
for the r e a c t i v i t y w o r t h s of the s u b s t i t u t i o n s . 

TABLE I.B.9. Results of the Central Drawer Substitution Experiments 

p (Ih), Core Excess Reactivity 

Reference 1: 31.4 
Reference 2: 29.3 
Average: 30.4 

Effective S' 

Count Rate 

kex(sub)b 

p(sub)b 

Ap (Temp) 

Total Ap 

Comp 

ource 

•osition 

(Q)^ 

Subst ituted for 

Unit 

c t / sec 

c t / sec 

% k 

Ih 

Ih 

Ih 

Cent ral Matrix Core 

Axial Reflector 

271.0 ± 1% 

63,385 ± 0.2% 

-0.428 ± 0.001 

-447 ± I 

0.5 

-477 ± 1 

Ĉ  ompo sition 

Poison Control 
Composition 

271.0 ± 1% 

18,418 + 0.2% 

-1.471 ± 0.003 

-1551 ± 3 

6.8 

-1575 ± 3 

^For the 10-« scale on the electrometer . This value is for the reference core and 
must be corrected for the substitutions. See the text for additional details. 
Uncertainties are only those for the count rate. An additional 1% should be added 
in quadrature to account for the uncertainty in the measured source for the refer­
ence configuration. 

(^) R e s u l t s of the P e r i p h e r a l P o i s o n Con t ro l C o m p o s i t i o n 
Worth E x p e r i m e n t s . The u s e of the add i t iona l d e t e c t o r s and the s o u r c e 
i n t e r c a l i b r a t i o n w e r e p e r f o r m e d a s p a r t of one d a y ' s e x p e r i m e n t s . The 
po i son c o n t r o l c o m p o s i t i o n wor th m e a s u r e m e n t s w e r e p e r f o r m e d a s a s e t 
of s u c c e s s i v e e x p e r i m e n t s du r ing the following day. The f i r s t r e f e r e n c e 
was p e r f o r m e d , and then the f i r s t se t of four po i son c o n t r o l m a t r i x l o c a t i o n s 
w e r e loaded in to the r e a c t o r , r e p l a c i n g r a d i a l r e f l e c t o r , and t h e i r w o r t h was 
m e a s u r e d by the s u b c r i t i c a l t e chn ique . The po i son c o n t r o l c o m p o s i t i o n r e ­
p l a c e d r a d i a l r e f l e c t o r c o m p o s i t i o n for only the he igh t of the c o r e . The 
loading p a t t e r n of the d r a w e r s i s g iven by the loca t ions m a r k e d I in F ig . L B 8 
The d r a w e r loading p a t t e r n for the po i son c o n t r o l c o m p o s i t i o n is shown in 
F i g . L B . 7 . Next , the t h r e e add i t iona l m a t r i x loca t ions m a r k e d U w e r e loaded 



in each half of the reactor with the poison control drawers at each boron rod 
location, resulting in eight poison control drawers each with a 2 x 2 drawer 
cross section in each quadrant of the reactor . Again, their worth was mea­
sured by the subcritical technique. Finally, the poison control drawers were 
all replaced with the original radial blanket and the reference was repeated. 
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Fig. l.B.8. Detector and Matrix Locations for the Peripheral Poison Control Worth Measurements 

The e x p e r i m e n t a l da ta a r e given in Tab le L B . 10, w h e r e 
al l of the m e a s u r e m e n t s have b e e n c o r r e c t e d to the a v e r a g e c o r e t e m p e r a ­
tu re of the f i r s t r e f e r e n c e . The va lues for kgx(sub) a n d p ( s u b ) w e r e c a l c u ­
la ted for each d e t e c t o r as s t a t ed p r e v i o u s l y . As expec t ed , the r e l a t i v e count 
r a t e s of the d e t e c t o r s v a r i e d a c c o r d i n g to t h e i r loca t ion . D e t e c t o r 2 showed 
the s m a l l e s t change in count r a t e , and hence the s m a l l e s t r e a c t i v i t y w o r t h 
for the r o d s ; De tec to r 4a + 4b showed the g r e a t e s t change and l a r g e s t r e a c ­
t ivi ty wor th ; De tec to r 1, the c e n t r a l d e t e c t o r , showed an i n t e r m e d i a t e flux 
change, and hence an i n t e r m e d i a t e r e a c t i v i t y w o r t h . The e x c e l l e n t a g r e e ­
ment be tween D e t e c t o r s 1 and 2 is p r o b a b l y f o r t u i t o u s . 
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TABLE I.B.IO Results o( the Peripheral Poison Control Composition Worth Experiments (Replacing Radial Reflector Composition) 

Poison Control, Configuration 1 

Effective Source (01 
Corrected Count Ralet 
kex(subic 
p(subic 
Ap (Temp) 
Total Apt 

Poison Control, Configurations i and II 

Corrected Count Ralel> 
kex(sub)C 
p(sub)C 
Ap (Tempi 
Total ApC 

Experiment 

Reference 1: 
Reference 2-. 
Average: 

Units 

ct/sec 
ct/sec 
% k 
Ih 
Ih 
Ih 

ct/sec 
% k 
Ih 
Ih 
Ih 

p (Ih), Core Excess Reactivity 

34.2 
32.4 
33.3 

1 

1.692 1 1 * 
188.9 t 0.5% 

-0.896 ± O005 
-939 t 5 

4.6 
-968 ± 5 

100.4 1 0.6% 
-1.685 1 0.010 
•1,781 t U 

9.9 
-1,804 t 11 

2 

38.56 t 1 * 
4.510 t 0.5% 

•0.855 ± 0005 
-8% ± 5 

4.6 
-925 ± 5 

2.338 t 0.4% 
-1.649 t 0006 
•1,743 t 7 

9.9 
-1.766 t 7 

3 

9.395 t 1% 
1,101 t 04% 

-0903 t 0004 
-947 ± 4 

4.6 
-976 t 4 

560.9 t 0.3% 
-1.675 ± O005 
-1.771 t 5 

9.9 
-1,794 t 5 

4a -> 4b 

271.0 1 1%» 
29,310 ± 02% 
-0925 ± 0.002 

-971 ± 2 
4.6 

-I.OOO ± 2 

14.362 t 02% 
-1.887 t 0.004 
-1.998 t 4 

9.9 
-2.021 t 4 

^For 10-8 scale on the electrometer. 
IJUncertainties include statistics and uncertainty in the dead lime correction to the Count rates. 
CQuoled uncertainties are lor count rate only. An additional 1% uncertainty should be added in quadrature to account lor the 

uncertainty in the edective source term measured lor Itie reference condguralion. 

(v) Radial and Axial Worth Traverses . Reactivity worth t ra ­
verses were made with Assembly 56B for B-10, Pu-239, and stainless steel. 
The stainless steel t raverse data were used to determine the capsule cor­
rections for both the B-10 and the Pu-239 sample jackets. Empty ca r r i e r 
t r averses were also made to correct for the reactivity effect due to the push 
rod and sample holder. 

The measurement procedure for these experiments was 
s imilar to that used in the central perturbation measurements . The position 
of a calibrated autorod was measured when the sample was at a location in 
the reactor and when at a reference location out of the reactor. As the 
sample was moved, the autorod position changed to maintain reactor 
power level constant. Reactivity differences were calculated from the dif­
ferences in the autorod positions. The reactivity worth of the autorod as a 
function of its position was a separate calibration experiment and was done 
using the inverse kinetics technique. 

Traverses were taken to give the spatial worth distributions 
in both the radial and axial directions in Assembly 56B. The normalized 
worth distributions are i l lustrated in Figs. LB.9 through LB. 14. The physi­
cal propert ies of the test samples are given in Table I B . 11. The drawer 
loadings which accommodated the traversing mechanism were identical to 
those used in the radial and axial reaction rate measurements for 
Assembly 56B. 
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TABLE LB. 11. Material Compositions of 
Reactivity Traverse Samples 

Weights (g) 

14.965 
0 691 
35.90 

6.655 
12.243 
35,90 

M a t e r i a l S a m p l e ^ Sample S t a i n l e s s S tee l 

Pu*^ 0 . 2 0 1 - i n . - d i a Cy l inde r 
B'^ 0 . 0 2 0 - i n . - t h i c k Annulus 
SS-304 0 . 4 2 - i n - d i a Cy l inde r 

^All c a p s u l e s w e r e 2.0 in long 
^ 9 8 . 6 w / o P u , 1.24 w / o Al, 0.16 w / o o t h e r ; 95.06 w / o P u - 2 3 9 , 

4 .49 w / o P u - 2 4 0 , 0.45 w / o P u - 2 4 1 . 
^^92.8 w / o B; 92.1 w / o of B is B - 1 0 . 

T h e r e w a s a modi f i ca t ion in t echn ique d u r i n g the ax ia l t r a ­
v e r s e s . A s t a i n l e s s s t e e l tube, i den t i ca l to the push rod, was p l aced beh ind 
the s a m p l e c a r r i e r to ac t a s a fo l l ower . A c o m p a r i s o n of the c a r r i e r c o r ­
r e c t i o n s for the r a d i a l and ax ia l s t a i n l e s s s t e e l t r a v e r s e s shows that the 
m a g n i t u d e of the e m p t y c a r r i e r c o r r e c t i o n d e c r e a s e d and the e m p t y c a r r i e r 
w o r t h is s y m m e t r i c about the c o r e c e n t e r . 

The t e s t s a m p l e s w e r e the s a m e s a m p l e s u s e d in the c e n t r a l 
p e r t u r b a t i o n m e a s u r e m e n t s , and a c o m p a r i s o n of the t h r e e c e n t r a l wor th 
d e t e r m i n a t i o n s is g iven in Tab le L B . 12. 

T A B L E L B . 12 C o m p a r i s o n of C e n t r a l Reac t i v i t y Wor ths (Ih) 
in A s s e m b l y 56B of z t ' R - 3 

M e a s u r e m e n t Techn ique B P u SS 

C e n t r a l P e r t u r b a t i o n 3.892 ± 0 . 0 1 2 5.964 ± 0 . 0 1 5 0.470 ± 0 . 0 1 2 
Rad ia l T r a v e r s e 3.908 ± 0 . 0 2 0 5.893 ± 0 . 0 2 0 0.455 ± 0.020 
Axia l T r a v e r s e 3.952 ± 0 . 0 2 0 5.993 ± 0 . 0 2 0 0.487 ± 0 . 0 2 0 

The e x p e r i m e n t a l u n c e r t a i n t i e s given a r e the u n c e r t a i n t i e s 
due to r e a c t o r s t a t i s t i c s . T h e r e is an add i t iona l u n c e r t a i n t y of about 1% in 
the a b s o l u t e r e a c t i v i t i e s due to the u n c e r t a i n t y in the effect ive s o u r c e d e ­
t e r m i n a t i o n d u r i n g the a u t o r o d c a l i b r a t i o n e x p e r i m e n t . 

(vi) C e n t r a l F i s s i o n R a t i o s . C e n t r a l f i s s i o n r a t i o s w e r e m e a ­
s u r e d us ing g a s - f l o w s p h e r i c a l c o u n t e r s . * The f i s s i o n r a t i o s d e s i r e d w e r e 
for U - 2 3 8 , P u - 2 3 9 , and P u - 2 4 0 , a l l with r e s p e c t to U -2 3 5 . The e x p e r i m e n t a l 
da t a for U-234 and U - 2 3 6 w e r e n e e d e d to r e d u c e the da ta for the U - 2 3 5 

•Oavey. W. G., and Amundson, P. I.. Nucl. Sci. Eng. 28. 111(1967). 
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counter without resorting to theoretical calculations, and the U-233 data 
were obtained as a normal part of the experiment. 

When the U-238 radial fission reaction rate t r ave r se ex­
periment was performed, variations of the order of 5% were obtained 
between the heavily and lightly loaded drawers near the core center (see 
ANL-7561). Consequently, central fission rat ios were measured in both 
types of drawers to determine the magnitude of the effect on the threshold 
fissionable isotopes. The fission counters were placed in 2 x 2 x 2-in. 
voids loaded into the front of the core drawers . The drawer loading dia­
grams are shown in Fig. LB. 15. The fission counters were placed at the 
front of l -P-15 and 2-P-17 for the measurements in the lightly loaded 
drawers, and in 1-0-16 and 2-Q-16 for the heavily loaded drawers . The 
counters were the same distance from the assembly counter for both types 
of drawers. 

TYPE 8 DRAWER 

1 Pu 1 

I Na 1 

U.I 0,1 FT^i 

0 BACK 

HTCRu ^ — 
i " J " ' 1 

, '•. ». . 
Hf,% AL ( " HIGH) 

• ' u " . 1 1 

1 1 l "3 »8 1 1 1 

1 P" 1 

1 Na 1 
1 1 1 

Na 
Na 

Ni 

Al 

Al 
Ni 

N? 

Na 

SACK 

CO 

"3 <>8 1 1 1 

1 Fu 1 

1 1 " ' 2 ' ° 3 1 1 

• ' • • 1 f i 1 
TO 8ACK 

UNTERS 

F A 

Ha 1 ( " HIGH) 
. • , " . . 

1 Haj COS 1 1 

1 - 1 
1 I J 1 1 

N? 

Na 

Ni 

sr 
JT 
Ni 

Na 

NH 

2 3 t 5 6 7 9 10 II 12 13 14 15 16 17 18 19 20 21 

TYPE A DRAKER 

Fig. LB.15 

Drawer Loadings for Fission-
rate-ratio Measurements in 
Assembly 568 of ZPR-3 

The da ta for a l l of the d e t e c t o r s w e r e t a k e n wi th a p u l s e -
height a n a l y z e r . The d i f fe ren t ia l s p e c t r a w e r e c o n v e r t e d to f i s s i o n r a t e s 
by m e a n s of a c o m p u t e r code us ing an iden t i ca l i n t e g r a t i o n t echn ique for 
a l l of the d e t e c t o r s . The d e t e c t o r f i s s ion r a t e s w e r e r e d u c e d to i s o t o p i c 
f i s s ion r a t e s with a c o m p u t e r code conta in ing the m a s s e s and i s o t o p i c 
concen t r a t i ons for each of the d e t e c t o r s . 

The r e d u c e d i so top ic f i s s i on r a t i o s a r e g iven in Tab le I. B. 13. 
The l a rge v a r i a t i o n s o b s e r v e d in the U-238 r a d i a l f i s s i o n r e a c t i o n r a t e da ta 
did not occur in the i so topic f i s s ion r a t i o s as a funct ion of d r a w e r type . 
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TABLE LB. 13. Measured Central Fission Ratios in 
Assembly 5bB^ in ZPR-3 

Measured in Measured in 
1-0-16 and 2-Q-16 1-P-15 and 2-P-17 

(Heavily Loaded Drawers) (Lightly Loaded Drawers) 

Nuclide af(i)/of (U-235) Of(i)/of (U-235) 

U-233 1.476 1.480 
U-234 0.193 0.197 
U-236 0.0638 0.0640 
U-238 0.0310 0.0307 
Pu-239 1.021 1.035 
Pu-240 0.282 0.283 

^The experimental uncertainty is - 1 % for all ratios. 

(vii) E r ra ta to ANL-7561, March 1969. The text cr i t ical mass 
in Assembly 56B, Core Edge Worths and Critical Mass Adjustment should 
read 331.94 kg as indicated in the Assembly 56B Critical Mass Table. It 
should be noted that in the Table, Reactor Inventory for the Assembly 56B 
Reference Core the radial reflector drawer numbers are for the number 
of matr ix positions (full radial reflector height). The radial dimensions of 
the Equivalent Cylindrical Loading Diagram should read 25.15 in. for the 
outer boundary of Zone 1, radial reflector and 31.65 in. for the outer 
boundary of Zone 2/3 radial reflector 

4. ZPR-6 and -9 Operations and Analysis 

a Integral Studies of Large Systems (W. Y. Kato) 

Last Reported: ANL-7548, pp. 18-22 (Jan 1969). 

(i) Analysis of the Danger Coefficient Measurements Performed 
in Assembly 5 of ZPR-6. The integral t ransport method for treating self-
shielding in the calculation of the reactivity worth of various samples (see 
P r o g r e s s Report for December 1968, ANL-7527, pp. 22-29) was used to 
calculate the central worths of few samples whose worths had been mea­
sured in a large uranium carbide core. Assembly 5 of ZPR-6. Assembly 5 
was a 2700-li ter , cylindrical core reflected with 30 cm of depleted uranium 
(0.2% enrichment). 

The reactivity worth of a sample was measured by either 
of two methods: (1) If the reactivity of a sample was one inhour or more , 
its worth was determined by the period method, i .e. , measuring repetitively 
the period of a slightly above cr i t ical system (~10 Ih) with and without (void) 
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the sample at the center of the core. The accuracy of this procedure is 
typically 0.005 Ih. (2) The reactivity of a small sample was determined by 
oscillating the sample relative to void and using a calibrated autorod. The 
accuracy inherent in this technique can be as low as 0.001 Ih provided the 
autorod is accurately calibrated. The samples used were 2 in. square 
(nominally) by various thicknesses. 

The calculated and measured reactivity worths of U-235 
samples as a function of thickness are given in Table I.B.14. The values 
listed in the third column are the normalized resul ts of f i r s t -order 
perturbation (FOP) calculations using a diffusion code and an equivalent 
homogeneous, i.e., heterogeneous, c ross-sect ion set for the core and a 
homogeneous (not weighted spatially) cross sections for the perturbing 
samples of U-235. The FOP values were normalized to the measured 
value of the normalization integral.* The values listed in the fourth col­
umn are the normalized FOP values corrected for flux pulsing and self-
shielding. The calculated values are overpredicted by about 5%. 

TABLE LB. 14. Measured and Calculated U-235 Central Wortiis in 
Assembly 5 of ZPR-6 

Sample Size (cm) 

4.365 X 4.365 X 0.0127 
4.420 X 4.420 x 0.0389 
4.410 X 4.410 X 0.1140 
4.401 X 4.401 X 0.1774 
4.405 X 4.405 x 0.2914 
5.080 X 5.080 X 0.5967 

Weight'' (g) 

4.200 
12.935 
38.582 
59.755 
98.472 

268.146 

Calculated 
FOP Worth'' 

(Ih) 

0.219 
0.675 
2.016 
3.123 
5.142 

14.000 

Final 
Calculated 
Worth (Ih) 

0.219 
0.679 
2.053 
3.209 
5.354 

14.987 

Measured 
Worth "̂  

(Ih) 

0.209 ± 0.002 
0.659 ± 0.002 
1.938 ± 0.004 
3.079 ± 0.012 
4.978 ± 0.010 

14.691 ± 0.010 

P e r c e 
C 

nt Difference: 
ai - Meas 

G a l 

+4.5 
+ 3.0 
+ 5.6 
+4.0 
+7.0 
+ 2.0 

''Weight of U-235 only. 
I T O P means f i r s t -o rder perturbation; the values were multiplied by 1.16, the ratio of the calculated 

to nneasured normalization integral . 
^The values listed incorporate small correct ions for the 6.9% U-238 p resen t in the enriched foils. 

The m e a s u r e d and ca l cu l a t ed r e a c t i v i t y w o r t h s of the 
U-238 s a m p l e s a r e given in Table L B . 15. The c r o s s s e c t i o n s in the 
r e s o n a n c e r eg ion (groups 11-22) for each U-238 s a m p l e w e r e g e n e r a t e d 
using the fo rmula t ion of T i r e n * * for r e s o n a n c e a b s o r p t i o n in a l ump s u r ­
rounded by an equiva lent homogeneous m e d i u m conta in ing the s a m e r e s o ­
nance a b s o r b e r . Table L B . 16 shows the a b s o r p t i o n c r o s s s e c t i o n s of 
U-238 for g roups 11-22 as a function of s a m p l e t h i c k n e s s . T h e s e c r o s s 
sec t ions w e r e used with homogeneous c r o s s s e c t i o n s of the f i r s t 10 g r o u p s 
to obtain the F O P va lues for the v a r i o u s s a m p l e s . 

^^ Reactor Physics Division Annual Report: July 1, 1966 to June 30, 1967, ANL-7310, p. 189 
Tiren, L. L, Nucl. Sci. Eng. 33, 348 (1968). ' 
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TABLE LB.15. Measured and Calculated U-238 Central Worths : 
Assembly 5 of ZPR-6 

Calculated Final Percent Difference: 
FOP*" Worth Calculated Measured Cal - Meas 

Sample Size (cm) Weight* (g) (Ih) Worth (III) Worth"^ (Ih) Cal 

4 . 5 3 0 x 4 . 5 3 0 x 0 . 0 1 3 9 5.345 -0 .024 -0 .024 - 0 . 0 2 6 ± 0.002 +8.3 
4 , 5 3 2 x 4 . 5 3 1 x 0 , 0 4 1 8 15.917 - 0 , 0 7 1 -0 .072 -0 .060 ± 0 , 0 0 2 - 1 6 . 6 
4 . 5 3 0 x 4 . 5 3 0 x 0 . 1 6 7 0 63.958 -0 ,280 -0 .284 - 0 . 2 3 5 1 0 , 0 0 2 - 1 6 . 6 
4 . 8 6 5 x 4 . 8 6 5 x 0 . 3 1 7 5 140,361 -0 .607 -0 .613 - 0 . 5 0 6 ± 0 . 0 1 0 - 17 .4 
4 . 9 2 5 x 4 . 9 2 5 x 2 . 5 4 0 11151,29 -4 ,880 -4 .810 -3 .88 t O O l - 1 6 , 1 

^Weight of U-238 only, 
bpOP means f i r s t -o rde r per turbat ion; the values were multiplied by 1.16, the ratio of the calculated 

to measured normal izat ion in tegra l (see Sect. IX). 
^The values listed incorporate small cor rec t ions for the 0.2% U-235 in the depleted foils. 

TABLE 1.B.16. U-236 Absorption Cross Sections as a 
Function of Sample Thickness 

Ene t 

No. 

11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 

•gy G r o u p 

E (keV) 

25.0 
15.0 
9,12 
4 .31 
2 .61 
2.03 
1.23 
0.961 
0.583 
0.275 
O. lO l 
0.029 

0.0139 

0.433 
0.542 
0.642 
0.741 
0.796 
0.909 
0.769 
0.865 
0.829 
0.662 
0.800 
0.971 

Sample T h i c k n e s s 

0.0418 

0.432 
0.541 
0.639 
0.753 
0.781 
0.880 
0.740 
0.832 
0.784 
0.614 
0.771 
0.910 

0,1670 

0.436 
0.536 
0.630 
0.715 
0.744 
0.839 
0.708 
0.784 
0.726 
0.555 
0,698 
0.835 

( cm) 

0,3175 

0.427 
0.531 
0.620 
0.696 
0.717 
0.805 
0.682 
0.751 
0.687 
0.516 
0,663 
0.793 

2.540 

0.419 
0.521 
0.602 
0.663 
0.682 
0.76S 
0.648 
0.705 
0.633 
0.464 
0.611 
0.733 

* 
It is seen from Table LB.15 that: 

(1) The calculated values are overpredicted by about 16%. 
The measured value for the thinnest foil appears to be in e r ro r . 

(2) The broad-group self-shielding correction to the FOP 
values increase rather than decrease the reactivity worths of some of the 
samples. This is due to flux peaking in some of the groups, resulting from 
excessive scattering in the high-energy groups. Experimentally the reac-
tivitiy worth decreases as a function of thickness. Thus it appears that the 
U-238 inelast ic-scat ter ing cross sections are too high. 

(3) The measured value of the thinnest sample appears to 

be in e r r o r . 

The measured and calculated reactivity worths of Fe, Cr, 
Ni, Na, C, Be, B-10, and Ta samples ( 2 x 2 x 1 in.) are given in Table LB. 17. 
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It is seen that the agreements between the calculated and measured values 
for B-10 and tantalum are very good. The agreement between calculated 
and measured values of scattering mater ia ls such as graphite, beryll ium, 
and the res t is rather poor. Inaccuracies in the calculated adjoint function 
could be the source of e r ro r . 

TABLE I.B.17. Measured and Calculated Central Wortiis of 
Various Samples in Assembly 5 of ZPR-6 

Sample^ 

F e 
C r 
Ni 
Na 
C 
Be 
B-10 
Ta 

Sample Weigtlt 
(g) 

488.0 
220.73 
546.0 

51.38 
103.0 
114.31 
29.29 

924.70 

Calculated 
FOP Worth 

(Ih)*' 

-0.898 
-0.518 
-1.030 
-0.030 
-0.111 
-1.021 

-33.20 
-17.46 

Final 
Calculated 
Wortli (Ih) 

-0.847 
-0.508 
-1.002 
-0.031 
-0.004 
-0.298 

-22.97 
-12.07 

Measured 
Worth (Ih) 

-0.737 + 0.005 
-0.339 ± 0.022 
-1.134 ± 0.015 
-0.041 ± 0.010 
+0.183 ± 0.022 
+ 1.143 + 0.05 
-23.19 ± 0.033 

-11.909 ± 0.015 

Percent Difference; 
Cal - Meas 

C a l 

-13.0 
-33.2 
+ 13.4 
+32.2 
-47.0 
-48.0 
+0.95 
-1.30 

^All samples were 2.0 x 2.0 x 1.0 in. 
bl% Ak/k = 476 Ih. 

5. ZPPR Operations and Analysis 

a. Mockup Studies (W. G. Davey and P. I. Amundson) 

Last Reported: ANL-7553, p. 15 (Feb 1969). 

(i) FTR Critical Program. With the completion of work with 
Assembly 56B on ZPR-3 (Assembly I of FTR Resumed Phase-B Critical 
Experiments), the necessary nickel material was t ransferred from ZPR-3 
to ZPPR to permit completion of the Na-Ni radial reflector of Assembly 1 
of ZPPR. Assembly 1 pertains to the FTR-II core of the Phase-B Critical 
Experiments Program. The initial step in achieving the FTR-II loading 
desired for these experiments involves the determination of the cri t ical 
mass of FTR-1 for comparison with that achieved with ZPR-3 . The loading 
to critical of FTR-I for ZPPR and the associated measurements of tem­
perature coefficient and control and safety-rod worths have been completed. 
The temperature and rod-worth data are being analyzed; prel iminary results 
indicate a total shutdown margin in excess of 3% Ak/k. The reproducibility 
of the reference critical between half-closures and the worth of half-
separation have been measured and are being analyzed. Edge-worth mea­
surements necessary to permit the determination of the cri t ical mass are 
in progress . 

The critical configuration of FTR-I as achieved in ZPPR 
Loading 1-17) (see Fig. LB.16) contains 361.44 kg total fissile mass 

(Pu-239, Pu-241, and U-235). The core is 91.62 cm high and enclosed by 
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an average 30. 5-cm-thick radial and axial ref lectors . Drawer loadings for 
the various zones are i l lustrated in Figs. LB. 17-1. B. 19, and the correspond­
ing as-buil t compositions are presented in Table LB. 18. 
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Fig. I.B.19. Drawers Adjacent to Poison Safety Rod for FTR Half of ZPPR 
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0 
Na 

Mo 

TABLE I.B.IS. As-buill Composition for FTR 1 of ZPPR (Loading 17) 

Composition by Zone (aloms/b-cm) 

I-column Pu 
Nuclide Drawer^ 

0.0008491 
0.0001125 
0,0000168 
0.0000017 
0,0055684 
0.0000122 
0.0150075 
0,0107196 

0.0011626 
0.0025337 
0.0002025 
0.0002322 

2-colLmn Pu 
Drawerb 

0,0016983 
0,0002251 
0.0000337 
0.0000035 
0,0063849 
0,0000139 
0,0154338 
0,0063408 

0,0162589 
0,0011636 
0,0025358 
0.0002027 
0.0004475 

Movable 
Cell Average Fuel Rod^ 

0.0012737 
0,0001688 
0,0000252 
0.0000026 
0.0059766 
0.0000131 
0.0152206 
0,0085302 
0,0010944 
0,0125238 
0,0011631 
0,0025348 
0,0002026 
0,0003398 

^Occupies even-numbered matrix columns 
^Occupies odd-numbered matrix columns (center columi 
CBoth fuel safety anci control rods of this composition 
opoison rod withdrawn during operation. 

Drawer 
Adjacent to 

Poison Safety Axial 
Rodt) Reflector 

0.0016983 
0.0002251 
0,0000337 
0,0000035 
0,0063849 
00000139 
0,0137617 
0,0063610 
0.0032025 
0,0180022 
0,0023373 
0,0051353 
0,0004248 
0,0004567 

n is odd-numberedl. 

0,000M91 
0,0001125 
0.0000168 
0,0000017 
0.0055684 
0.0000122 
0.0150075 
0,0062787 
0.0021888 
0.0097185 
0.0012671 
0.0027964 
0.0002204 
0,0002355 

0,0133588 
0,0000284 
0,0079227 
0,0189744 
0.0022823 
0.0002295 
00000161 

Radial 
Reflector 

0.0065078 
0.0001547 
0.0068787 
0.0460037 
00019747 
0,0002639 
0.0000154 
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C. Component Development-- LMFBR 

1. Sodium Technology Development 

a. Engineering Development (j . T . Holmes) 

Last Reported; ANL-7518, pp. 30-3Z (Nov 1968). 

The Sodium Analytical Loop (SAL) has been moved fronn 
Building 206 (Reactor Engineering) to Building 205 (Chemical Engineering). 
The reassembly of SAL is nearing completion. Plans are being made to 
install , operate, and evaluate a United Nuclear Corporation (UNO) carbon 
meter and a diffusion-type hydrogen sensor for on-line monitoring of 
flowing sodium. UNC oxygen mete r s will also be used in conjunction with 
these studies . 

The possibility of using SAL to develop improved sodium and 
cover-gas samplers is being assessed . Experimental work on determining 
impurit ies in sodium with the e lec t r ica l - res is t iv i ty and oscillating-mode 
plugging mete r s has been discontinued. Summary reports of our experi­
ence with these me te r s and with the UNC oxygen cells are being prepared. 

2. Reactor Mechanism and Instrumentation 

a. Instrumentation Development (T. P . Mulcahey) 

(i) Out-of-core Neutron Flux Detection System (G. F. Popper) 

Last Reported; ANL-7548, pp. 28-30 (Jan 1969). 

(a) Detectors and Cables. A reworked Westinghouse WX-
31353-25 cable was tested up to 700°F in air . The cable was described previ­
ously (see P rog re s s Report for July 1968, ANL-7478, p. 38) except that 
improved hermetic seal-connector assemblies have been attached by the 
manufacturer . Figure I.C.I shows the temperature variation of the insula­
tion res is tance of the cable as compared with its previous performance. 
Evidently the insulation res is tance has greatly improved at all test tem­
pe ra tu re s ; the initially reported low resis tance at room temperature was, 
in fact, caused by lack of a good hermetic seal . After about 60 hr at 700°F, 
the insulation res is tance increased by a decade (to 1.8 x 10'° ohm/ft) and 
thereafter remained essentially constant. The capacitance of the cable be­
haved in both magnitude and change with temperature as reportedpreviously. 

After about 150 hr (~6.3 days) of operating in air at 
700°F, a cable failure occurred in the form of a dielectric breakdown at all 
voltages above ~1 V. This was observed as large pulse-charge t ransfers 
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t h r o u g h the a t t a c h e d c h a r g e -
s e n s i t i v e p r e a m p l i f i e r . When 
the cab l e w a s coo led to r o o m 
t e m p e r a t u r e , it once a g a i n 
he ld ove r 500 V d c , but had a 
m u c h l o w e r r o o m - t e m p e r a t u r e 
i n s u l a t i o n r e s i s t a n c e (4.4 x 
1 0 " o h m / f t ) . T h i s w a s i n d i c a ­
t ive of a h e r m e t i c - s e a l f a i l u r e 
and a p p e a r e d to r e p e a t the 
in i t i a l cab le r e s u l t s w i th low 
i n s u l a t i o n r e s i s t a n c e and 
b r e a k d o w n . S u b s e q u e n t hea t ing 
v e r i f i e d the h e r m e t i c - s e a l 
f a i l u r e (the i n s u l a t i o n r e s i s ­
t ance i m p r o v e d at h i g h e r t e m ­
p e r a t u r e s ) ; 500 V dc could be 
kept on the cab l e up to ~500°F . 
Above th i s t e m p e r a t u r e , even 
a f te r the cab le a s s e m b l y had 
b e e n v a c u u m - b a k e d and b a c k ­
f i l led wi th d r y n i t r o g e n , only 
~5 V could be a p p l i e d b e f o r e 
l a r g e c h a r g e t r a n s f e r s w e r e 
aga in no t ed . 

To i s o l a t e the f a i l u r e , 
the cab le a s s e m b l y w a s r e ­
p o s i t i o n e d in the f u r n a c e so 
tha t only the c o n n e c t o r -
h e r m e t i c s e a l a s s e m b l y was 
h e a t e d in d r y n i t r o g e n . Again , 
the b r e a k d o w n p h e n o m e n o n 
o c c u r r e d a t ~500°F and v e r i ­
fied that the ma l func t ion was 
a s s o c i a t e d w i t h the c o n n e c t o r 
end. T h en the c o n n e c t o r a s ­
s e m b l y w a s r e m o v e d so that 
only the h e r m e t i c s e a l r e ­
m a i n e d a t t a c h e d to the c a b l e , 

which was hea ted s i m i l a r l y . Again the b r e a k d o w n o c c u r r e d . F i n a l l y , the 
h e r m e t i c sea l and about 8 in. of cab le w e r e r e m o v e d ; ~ 1 ft of cab le w a s 
r e i n s e r t e d into the fu rnace and h e a t e d to 700°F in d r y n i t r o g e n . No b r e a k ­
down was noted at vo l t ages in e x c e s s of 500 V dc . The cab l e w a s kept at 
th is t e m p e r a t u r e for s l igh t ly ove r 170 h r (7 d a y s ) ; it p e r f o r m e d a d e q u a t e l y . 
The insu la t ion r e s i s t a n c e was found to be v e r y s t a b l e and of about the s a m e 
value as before the in i t i a l b r e a k d o w n . 

Fig. LC.l. Changes with Temperature of InsulationResistance 
in Westinghouse WX-31353-25 Cable in Air 
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The hermetic seal was helium-leaktested and found to 
have large leaks in the vicinity of the metallized and brazed ceramic inter­
faces. Although the seal was radiographed to determine the cause of the 
malfunction, little was learned from the radiograph. The seal was sent to 
the manufacturer for study and possible destructive testing. 

A second sample of the Westinghouse WX-31353-25 
cable will be tested along with an Electronic Specialty Company (ESC) high-
temperature coaxial-cable assembly obtained from Pacific Northwest 
Laboratory (PNL). The 0.170-in.-dia ESC cable is rated at lOOCF with 
1000 V dc applied and has a silica dielectr ic; the center and outer copper 
conductors are covered with a stainless steel sheath. The ends of the 9-ft-
long cable a re hermetically sealed and have HN-type connectors attached. 

This recent cable failure, coupled with the previously 
reported one (see ANL-7548) involving the Bostrad cable used during a high-
temperature detector test in the EBR-II 01 thimble, has caused greater 
emphasis to be placed on cable testing to ensure that a satisfactory high-
temperature detector-cable combination will be available. Some 
temperature- l i fe testing of the completed combinations may be necessary 
before in - reac tor tests are started. 

The detector-cable test programs at both Reuter-Stokes 
and Westinghouse a re progressing satisfactorily. Almost all room-
temperature tests a re complete, including some gamma-flux measurements , 
and high-temperature tests have been started on some of the compensated 
ionization chambers . 

* 
(b) Circui ts . During the recent extended EBR-II shutdown, 

the Gulf General Atomic (GGA) 10-decade neutron-nnonitoring system was 
modified by; (1) reinstalling the detector in the J2 thimble and in a neutron 
flux that allows the fission-counter chamber to be kept in saturation with 
700 V applied at all reactor power levels, (2) replacing the manufacturer-
specified shielded twisted pair by a coaxial cable to transmit the detector 
d i rec t -cur ren t output signal from the preamplifier to the linear channel, 
(3) replacing the 75-ohm coaxial cable by a 93-ohm coaxial cable for t r ans ­
mitting the pulse and average magnitude squared (AMS) signals from the 
preamplif ier to the log level channel, and (4) changing the l inear-channel 
c i rcui t -board components according to manufacturer specifications to per ­
mit the channel to accept the larger than expected d i rec t -current signals. 

Figure I.C.2 compares the outputs of the GGA system 
with the output of the EBR-II compensated-ionization-chamber linear chan­
nel during a typical reactor r e s t a r t . Although at first glance the GGA 
channel appears to be following reactor power level adequately, closer ex­
amination of the GGA data reveals that; (1) the log countrate (LCR), log 
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Fig. I.C.2. Comparison of Responses of Gulf Gen­
eral Atomic Channel(with Detector in 
12 Thimble) to EBR-II Linear Channel 
during Typical EBR-II Restart 

EBR-I I l i n e a r channel 
offset e x i s t s in the GGA s y s t e m 

a v e r a g e m a g n i t u d e s q u a r e (LAMS), 
and the p e r i o d - and l i n e a r - c h a n n e l 
ou tputs ( these l a s t two a r e not shown 
on the f i g u r e ) a r e s o m e w h a t e r r a t i c , 
have a r e c o r d e r z e r o offse t , o r have 
b o t h t ypes of p r o b l e m s , (2) t h e r e i s 
l i t t l e if any o v e r l a p of the L C R and 
LAMS ou tpu t s (a l though that m i g h t 
be c a u s e d by the r a t h e r e r r a t i c r e ­
c o r d e r output s i g n a l s f r o m bo th 
c h a n n e l s ) , and (3) the LAMS s igna l 
r e q u i r e s a s l igh t a v e r a g e - s l o p e 
a d j u s t m e n t to follow r e a c t o r power 
ove r the e n t i r e r a n g e of c o v e r a g e . 
T h i s s lope m i s a l i g n m e n t , a l though 
wi th in the m a n u f a c t u r e r ' s 3% of full-
s c a l e (200% of r e a d i n g ) l i n e a r i t y 
spec i f i ca t ion for the c h a n n e l , a m o u n t s 
to about 15% of the r e a d i n g at full 
power or 0.7% of f u l l - s c a l e output . 
F i g u r e I .C .3 shows the c l o s e c o r r e ­
spondence b e t w e e n ou tpu t s of the 
GGA dc l i n e a r channe l and the 

but it should be no ted that an ~1.7% p o w e r z e r o 

Only m i n o r a l i gnmen t a d j u s t m e n t s wi l l b e n e c e s s a r y 
to m a k e the log leve l s igna l f r o m the GGA s y s t e m p e r f o r m a d e q u a t e l y . The 
p r o b l e m with the r e c o r d e r outputs 
migh t be c a u s e d by g round loops 
be tween the GGA s y s t e m , the analog 
r e c o r d e r s , and the d igi ta l d a t a -
acqu i s i t i on s y s t e m (DDAS) f r o m 
which a l l the data a r e being a n a ­
lyzed . L a r g e r r e c o r d e r output s i g ­
n a l s , along wi th a s e p a r a t i o n of the 
analog r e c o r d e r s f r o m the DDAS 
s y s t e m , might e l i m i n a t e the a p p a r ­
ently e r r a t i c p e r f o r m a n c e and z e r o -
offset p r o b l e m s . T h i s , in t u r n , 
could show that adequa te s igna l 
o v e r l a p ac tua l ly does ex i s t b e t w e e n 
the LCR and LAMS s i g n a l s . C o r ­
r e c t i v e ac t ions to e l i m i n a t e t h e s e 
p r o b l e m s a r e being t aken . 

EBR-I Linear-Channel CurrenI, IQ-̂  ai 

Fig. I.C.3. Comparison of DC Linear-channel 
Output from Gulf General Atomic 
System and EBR-II Linear Channel 
(Corrected for -1.1% Power Zero 
Offset in GGA System) 
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b. F F T F Instrumentation (R. A. Ja ross ) 

(i) In-core Flowmeter Development 

Last Reported; ANL-7561, pp. 18-19 (March 1969). 

(a) Flow-sensor Feasibility Studies. To simulate an an­
nulus of sodium flowing axially over the probe, a mechanism was con­
structed to drive a probe-type eddy-current flow sensor in an oscillatory 
manner within a length of aluminum tubing. The mechanism consists of a 
1-rps synchronous-motor drive with an eccentric fastened to its 
output shaft, a 4-ft connecting rod between eccentric and probe, and a 
rocker-mounted 12-in. length of 6061T6 aluminum tubing. The eccentric 
gives a 4- or 8-in. stroke corresponding to 1.047- or 2.094-ft/sec peak 
velocity, respectively. The aluminum tubing is made of two sleeves 
(1.5-in. OD X 1-in. ID and 2-in. OD x 1.5-in. ID) that can be used indepen­
dently or telescoped together. 

The flow-sensor assembly (see ANL-7561) has been 
completely assembled. The secondary is 2128 turns of #34 Formex copper 
wire located between two p r imar i e s , each of 387 turns of #26 Formex 
copper wire . The space between coils is 1/8 in. Each coil is 1/2 in. wide, 
of 7 / l6 - in . ID and approximately 7/8-in. OD. Two other secondary coils 
were made; one is 1/4 in. wide, of 7/16-in. ID and approximately 7/8-in. 
OD, with 1093 turns of #34 Formex copper wire; the other is l /2 in. wide, 
of l l / l 6 - i n . ID and approximately 7/8-in. OD, with 992 turns of the same 
wire . All coil forms were made from phenolic rod. Overall coil length is 
approximately l-|-in. The pr imary and secondary leads to the instru­
mentation were each a twisted pair; the two pairs were bound together in 
a metallic braided sheath with the sheath grounded. There is some e lec t r i ­
cal coupling between the two pa i r s , necessitating binding the pairs together 
to prevent e r r o r signals due to lead motion. 

The tes ts reported in Table I.C.I were made with 
300-mA rms p r imary excitation current . An oscilloscope with maximum 
sensitivity of 5 mV/cm was used to indicate peak-to-peak signal amplitude 
from the secondary coil. The oscilloscope horizontal sweep was derived 
from the pr imary excitation current . Also derived from the same source 
is a signal that is passed through a variable attenuator and variable phase 
shifter, and fed in se r ies opposing with the secondary signal to balance out 
any residual signal in a zero-velocity condition. No measurements of 
phase angle were made because it is believed to be unimportant for the in­
tended application. However, it was observed that at or very near maximum 
signal amplitude conditions there was no quadrature component. 
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TABIE I.C.i. Simulated Probe-type Eddy-current Flow-sensor Test with Aiuminum Tubing (6061161^ 

Frequency. 
Hz 

30 
40 
60 
80 

100 
140 
180 
190 
220 
232 
260 
300 
350 
400 
500 
600 
800 

1000 
1500 

With Tube 
1 X 1.5 in. 

15 

28 

40 
46 
49 

50 
50 
50 
48 
44 
40 
36 
30 
25 
22 
18 

1/2 

; 
With 1/8 

Peak-to-peak Signal Amplitude, 

Witll Coii 
in. 

r/16-

-in. 
Coil Space 

With Tube 
1,5 X 2 

5 

8 

11 
12 
12 
12 
12 

11 
10 
10 
9 
8 
7 
5 
4 

in. 

Wide and 
in. ID 

With Tube 
1 X 2 in. 

18 
22 
28 
32 
34 
36 
36 

36 

35 
35 
32 
32 
32 
30 
28 
25 
20 

With 1/4-in. 
Coii Space 

With Tube 
1 X 2 in. 

16 

25 
28 
30 
30 
30 

28 

26 
25 

24 

20 

15 

W 
1 

mV 

With Coil 
1/4 in. 

7/16-
Wide and 
-in. iD 

With 1/8-in, 
Coil 

ith Tube 
X 2 in. 

10 
12 
14 
16 
20 
22 
24 

24 

24 
24 
22 
22 
22 
21 
20 
19 

Space 

With Tube 
1.5 X 2 in. 

6 

With Coii 
1/2 in. Wide and 

11/16-in, ID 

With 1/8-in. 
Coii Space 

With Tube With Tube 
1 X 2 in. 1.5 X 2 in. 

24 8 

awith 75OF ambient temperature, 300-mA rms primary excitation current, and 2.094-ft/sec relative peak probe velocity. 

Aluminum tubes of various diameters were used to 
show depth-of-penetration effects. In one test it was observed that with the 
probe and inner aluminum tubing together sliding within the 2-in.-OD x 
1.5-in.-ID aluminum tubing, the signal amplitude was half that without the 
inner tubing. The l/4-in.-wide secondary coil shows that even though there 
are half the turns, and thus the pr imar ies are brought that much closer 
together, the signal is only down 33% with a l /2- in . - th ick aluminum wall 
because the radial flux density is greater . However, making the same 
comparison with l /4-in.- thick-wall aluminum of 2-in. OD x 1.5-in. ID shows 
a 50% reduction in signal, probably because the increase in radial flux den­
sity is most prominent in the region nearest the coil. Because the signal is 
down only 33% and the coil outside dimensions are the same as a full sec­
ondary, the 1/2-in.-wide l l / l 6 - i n . - I D secondary shows that the first few 
innermost layers contribute considerably less to the signal than the outer 
layers. 

All the motion tests were made with 2.094-ft/sec peak 
velocity. One test was made with 1.047-ft/sec peak velocity, and the output 
signal was exactly half that at 2.094-ft/sec peak velocity, indicating a linear 
relationship between the two, which was expected. 

A crude crosstalk test was performed by placing the 
flow sensor inside the 2-in.-OD x 1-in.-ID aluminum tubing. The full sec­
ondary coil (as used in previous tests) was placed at a point of maximum 
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p ickup (at wh ich point i t s ax i s w a s 4 in. f r o m that of the p r i m a r y and p ickup 
c o i l s ) . With 3 0 0 - m A r m s p r i m a r y e x c i t a t i o n c u r r e n t , l e s s than 0 . 5 - m V 
p e a k - t o - p e a k s i g n a l w a s o b s e r v e d on the o s c i l l o s c o p e f r o m the p i ckup co i l . 

F a b r i c a t i o n is u n d e r w a y on a new e d d y - c u r r e n t p r o b e 
that wi l l be d r o p - t e s t e d in hot s o d i u m . The coi l f o r m is Incone l ; it wi l l be 
l o c a t e d wi th in a Type 304 s t a i n l e s s s t e e l tube of 1-in. OD and 1 5 / l 6 - i n . ID. 
T h e r e wi l l be t h r e e p r i m a r y co i l s and two s e c o n d a r i e s , c l a s s e d a s a f o u r -
s e c t i o n p r o b e . The co i l s wi l l a l l be wound wi th #26 c e r a m i c - c o a t e d n i c k e l -
c l ad s i l v e r w i r e . T h e r e wi l l be a p p r o x i m a t e l y 400 t u r n s of w i r e on e a c h 
co i l , wh ich is about the s a m e a s the p r i m a r y co i l s of the d r y - t e s t p r o b e 
but only l / 5 of the s e c o n d a r y . The new p r o b e wi l l have twice a s m a n y 
p r i m a r y - s e c o n d a r y s e c t i o n s , and the p r i m a r i e s wi l l be e x c i t e d wi th t h r e e 
o r four t i m e s m o r e c u r r e n t , so the s e n s i t i v i t y i s e x p e c t e d to be a l i t t l e 
m o r e than that of the d r y - t e s t p r o b e . T e s t s wi l l be m a d e a t v a r i o u s t e m ­
p e r a t u r e s above ~300°F . Ve loc i ty i s e x p e c t e d to r e a c h 10 to 15 f t / s e c . 
Ve loc i ty and s igna l a m p l i t u d e wi l l be r e c o r d e d s i m u l t a n e o u s l y f r o m s t a r t 
to end of d r o p . The s o d i u m a p p a r a t u s is be ing r e n o v a t e d and i n s t r u m e n t a ­
t ion is be ing s e l e c t e d . 

A p e r m a n e n t - m a g n e t p r o b e - t y p e flow s e n s o r was in­
s t a l l e d in a NaK loop and t e s t e d . R e p r e s e n t a t i v e t e s t data for a dc pump 
c u r r e n t of 300A a r e ; 

L e a d s 
( see F i g . I .C.4) 

- 1 , +1 
- 2 , +2 
- 3 , +3 
- 5 , •F5 
- 2 , -F3 
- 1 , -(•5 

NaK 
flow, ~gpm 

1.675 
1.675 
1.675 
1.675 
1.735 
1.25 

Signal , 
mV 

« 0.312 
0.625 
0.5 
0.275 
0.695 
0.745 

Sens i t iv i ty 
m V / g p m 

0.186 
0 .373 
0.298 
0.164 
0.4 
0.595 

Magnets (0.25 in di 
1.5 in long) 

Flowlube 
Leads 

Flowtube 

I I A: 

Fig. I.e.4. Configuration of Permanent-magnet Probe-
t)'pe Flow Sensor Tested in NaK Loop 
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The ten flow-sensor leads were incorporated in the 
model for test purposes only; it was intended to use two leads, - 1 and -t-5, 
in the final design to sense the generated signal and thus to take advantage 
of the ser ies addition of the voltages produced across the tube. It is be­
lieved that the signal voltage between -1 and -1-5 could be increased appre­
ciably by providing electrical insulation between the magnets and the 
flowtube and between the magnets and the outer tube. 

Because of anticipated difficulties in achieving sa t i s ­
factory calibration of this type of flow sensor (due to the uncertainty of 
being able to determine the portion of the coolant-channel flow that would 
pass through the flow-sensor tube): it was decided to discontinue work on 
this design in favor of a flow sensor with a solid configuration. Accord­
ingly, two permanent-magnet (Alnico-8) solid-configuration l-in.-ODflow 
sensors are being designed and fabricated. These will be drop-tested in 
a static sodium pot that is being modified for the t es t s . 

(b) Materials Procurement . Bids for ceramic- insulated 
nickel-coated silver-magnet wire from Physical Sciences Corp. and Secon 
Metals Corp. have been evaluated. Although neither vendor will furnish 
wire completely within specifications (ANL-HTI-FFTF-503-4-G, Modified 
l/67), wire will be purchased that will meet the immediate needs of the 
ANL-FFTF in-core flo-w sensor developinent program. 

(c) Magnet Irradiation Tes ts . The magnet i rradiat ion cap­
sules are being packaged for shipment to EBR-II. Additional information for 
hazards evaluation is being prepared. 

(ii) Signal Lead Connectors for Sodium Service (A. P . Grunwald) 

Last Reported; ANL-7561, pp. 19-21 (March 1969). 

The connector assembly was tested in 1000°F argon. The 
leakage rate through the nipple was satisfactorily small and consistent with 
previous resul ts . In one circuit, the resis tance in the (electrical) connec­
tions was lower than the initial value and was better than previous readings 
in the test ser ies ; it indicated a near-perfect connection. Another circuit 
showed a slight deterioration, but was quite acceptable. The third of the 
three instrumented circuits (which had previously shown a steep r ise in 
resistance) was now essentially open. The pin-to-ground res is tance of all 
instrumented circuits was uniform at 10 megohms, a slight improvement 
over previously reported values. 

After the unit cooled, it did not unlatch freely as desired; 
only after rapping the breech lock (lightly) with a mallet did the lock dis­
engage. Although no sodium was involved in this test , the M0S2 lubricant 
had changed from its original dark color, and a whitish film was apparent 
in places. 
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After the unit was cleaned, the main gasket was reinstalled 
and lubricated with graphite powder instead of the previously used MoS^; 
another heating cycle up to 1000°F was made, this time with sodium in the 
test tank. This run was completely successful in that all components per­
formed well, no sodium leakage was observed, and the breech lock did not 
show excessive res i s tance . 

A test of nipple-separat ion p re s su re was made, and the 
p re s su re at which the nipples separate was ~10% higher than previously 
reported. It is not clear what caused the change; the nipples operated 
freely and the springs apparently did not lose their preload. The changes 
in separation and closing p ressu re might be due to improved sealing of the 
nipples ra ther than to any deterioration of the mechanism. 

(iii) Failed-fuel Location Method (E. S. Sowa) 

Last Reported; ANL-7561, pp. 21-22 (March 1969). 

(a) Gas Injection. The initial ser ies of gas-injection ex­
per iments were completed in the Fuel Failure Detection Loop. The experi­
ments consisted of six separate injections of krypton-85 gas samples into 
the sodium at the gas-sampling valve. The injections ranged from 12 to 
36.4 |UCi. Although two experiments aborted because of leakage at the 
capsule and at the counting chamber, the data from the remaining four ex­
per iments were satisfactory. 

For the experiments , sodium flow in the loop was 
brought to 10 ft /sec in the r i se r flowtube with the loop at temperature 
(1000°F for Experiments 1 and 2 and 1100°F for the others) . Gas circula­
tion and activity counting were maintained continuously on the r i se r and 
surge- tank gas sys tems . The radioactivity was recorded continuously at 
sampling ra tes of 1.0 sec at the surge tank and 5.0 sec at the r i s e r . The 
time of sample injection, the time of initial detection of activity over back­
ground, and the time to reach equilibrium were noted. After equilibrium 
was recorded, the sodium flow was stopped and the activity was monitored 
further to see if bubbles were trapped in the sodium. 

The experiments showed that most of the krypton sepa­
rated from the sodium into the surge-tank cover gas . While sodium flow 
was maintained, no increase in radioactivity (over background) was observed 
in the r i s e r . Krypton found in the r i se r after sodium flow was stopped is 
at tr ibuted to backup from the orifice exit volume. It took about 90 sec for 
the radioactivity in the surge tank to reach equilibrium. This is consistent 
with the t rans i t t ime, including approximately half of the time required for 
the krypton to separate from the sodium. 
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The calibration of the gas - sys tem volume showed that 
quantitative recovery of 90-100% was obtained, within the l imits of the ex­
perimental accuracy. Occasionally, subsequent gas re leases occurred 
either during the experiment or on the following day. These r e l ea se s , 
added to the quantity recovered, showed total recovery of the krypton sam­
ple. This implies that gas holdup in bubbles adhering to system surfaces 
is the most likely mechanism of retention. 

The FFDL has been cooled to room temperature for 
modifications for the next ser ies of experiments . 

A glass system containing water was constructed to 
simulate the FFDL injection configuration. Visual observation of the gas 
injected showed that the injected sample fragments into bubbles of 
<0.1 mm diameter. High-speed photographs will be taken to determine 
bubble size more accurately. 

c. EBR-II In-Core Instrument Test Facility (E. Hutter) 

(i) Prel iminary Study of Various Concepts (O. S. Seim, 
T. Sullivan, and J. Pardini) 

Last Reported; ANL-7561, pp. 22-23 (March 1969). 

(a) Test Thimbles. Evaluation of various concepts of 
instrument test thimbles is continuing. Pre l iminary calculations a re being 
made concerning attainable instrument test t empera tures . Results so far 
indicate that the test temperatures and the predicted tempera ture profile 
within the thimble depend significantly on the number of instruments and 
their arrangement within the thimble. A final selection of the cooling 
method will be made after all calculations have been completed and each 
concept has been evaluated. 

(tl) Supporting Faci l i t ies . A number of supporting facili­
ties will be required to make the In-core Instrument Test Facil i ty (INCOT) 
system compatible with the present reactor operating requirements and to 
provide the system with a reasonably wide range of instrument- test ing 
capability. The main INCOT components which are being considered for 
installation above the small rotating plug are; 

(1) an elevating system to ra ise the instrument thim­
ble approximately 80 in. above its in-core position, thus permitt ing normal 
reactor fuel handling to take place; 

, , (2) a movable gas seal between the instrument thimble 
and the control-rod penetration in the small rotating plug; 
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(3) special instrument-handling containers to provide 
for the insert ion and removal of one or more test instruments from the 
core without removing the test thimble itself; 

(4) special shielding devices to facilitate the removal 
and storage of gamma-act ive instrument sensors and their leads from the 
in-core thimble; 

(5) provisions for special readout and/or recording 
equipment and related electr ical and gas connections coming from the 
terminals of the instrument thimble; 

(6) a portable or stationary calibration facility to per ­
mit the periodic checking of special test instruments removed from the 
core for calibration. 

An important design objective is to install and operate these supporting 
facilities with a minimum of disassembly and/or rework of existing r eac ­
tor components. 

The installation and the operating and handling r e ­
quirements of the INCOT system will be influenced significantly by its 
location in the reactor . A prel iminary evaluation of the available locations 
for the control-rod drive on top of the rotating plug indicates that the No. 2 
control-rod opening best meets the requirements . This selection is based 
on the assumption that the instrumented-subassembly system and the 
osc i l la tor - rod drive will occupy the No. 6 and No. 8 control-rod locations, 
respect ively. Other considerations that influenced the selection were: the 
requirement for maintaining a reasonably uniform control-rod spacing in 
the core , with control rods on both sides of the INCOT installation; space 
requirements for equipment to handle instruments and sensor leads; 
shielding devices; and accessibil i ty to off-plug communication leads and 
service l ines. 

3. Fuel Handling, Vessels , and In ternals - -Core Component Test Loop 
(CCTL) (R. A. J a ross ) 

Last Reported; ANL-7561, pp. 23-24 (March 1969). 

F rom March 20 to April 17, the CCTL operated for 670.8 hr at 
1060°F and 400 gpm; the pump was off for 7.5 min during a pump coast-
do-wn and startup test. The cumulative total operating time with the loop at 
any tempera ture and the pump on is 5067 hr , of which 3686.9 hr were at 
1060°F and 400 gpm. 

The pump test was conducted to evaluate the vibration charac te r ­
ist ics of the pump. An accelerometer- type sensor and a recorder were 
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used for acoustical observations during pump coastdown and r e s t a r t . No 
unusual noise or vibration was noted. 

The flowtest of the F F T F Mark-I subassembly, which had been 
scheduled to continue until May 1, was terminated April 17. At that t ime, 
a sodium leak occurred at a flow-control valve in the 2-in. pipe in the 
main CCTL purification loop, which includes the cold t rap , plugging mete r , 
and sodium-sample station. The leak was minor (~10 cm ' of sodium), and 
damage was limited to the flow-control valve itself. The operators de­
tected the leak by means of the smoke when the sodium reacted with a i r ; 
the oxidation was insufficient to trip the P y r a - a l a r m smoke detector within 
the CCTL enclosure. The precise nature of the valve leakage is being 
investigated. 

The F F T F subassembly was removed from the test vesse l April 22. 
The subassembly internals were flushed with Dowanol-EB, then r insed with 
ethyl alcohol and dried in a i r . Very little heat or hydrogen was generated 
during the sodium-removal operations. There was very little sodium 
residue on the outer surface of the subassembly after it -was removed from 
the CCTL test vessel . The subassembly was shipped to Battelle Northwest 
Laboratory on April 25. 

a. Material-property Measurements 

The ultimate strength of 3/ l6- in.-OD austenitic s tainless steel 
cable (individual-strand diameter was 0.011 in.) used to hold the F F T F sub­
assembly during insertion and removal from the CCTL test vesse l was 
measured. The cables had been exposed in sodium vapor under no load 
during the entire 5067 hr of CCTL operation. 

In the first tensile test , the cable fractured in the center of the 
length tested at about 50% of its rated load capacity. In the second tensile 
test, failure occurred at the mechanical joint (cable clamp) at a load of 
100 lb. In the third test, half of the cable used in the second test was r e -
tested; one end was gripped by the cable eye and the other end was gripped 
by the jaws of the tensile machine. The cable failed at a load of 1625 lb. 
The tensile strength of the unexposed as - rece ived cable was 2750 lb (the un­
exposed cable was tested with both ends clamped with the V jaws of the 
tensile machines). Samples of sodium-exposed cable a re being investigated 
more completely to determine the nature of the weakening. 

Fortunately, although the weakening of the cable had not been 
anticipated, precautions were taken during subassembly removal to keep the 
load on the four parallel cables below 1200 lb total. 
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D. EBR-II 

1. Research and Development 

a. Reactor Experimental Support--Reactor Analysis and Testing 
(R. R. Smith) 

(i) Operational Data Analysis 

Last Reported; ANL-7500, pp. 42-44 (Sept 1968). 

(a) EBR-II System Heat Balance and Thermocouple Test 
at 580°F (J. F, Koenig) 

A test of the plant system was performed to determine 
the precision of the installed temperature sensors in the pr imary and sec­
ondary sodium sys tems . During the extended shutdown of this year, the 
secondary-sodium res is tance thermometers associated with the intermedi­
ate heat exchanger were removed and calibrated at the ice point and boiling 
point of water . A res is tance thermometer whose calibration was traceable 
to the National Bureau of Standards was used as the reference. Assuming 
that the correct ions at 32 and 200°F are applicable at higher t empera tures , 
the res is tance thermometer at the inlet (R2-RT-508B) will read high by 
0.3°F while the thermometer at the outlet (R2-RT-508A) will read high by 
0.8°F. The inlet thermometer was chosen as the system reference because 
it had metal heat - t ransfer fins between the thermometer and the thermowell, 
which would minimize the in-place measurement e r r o r . Test-condition 
l imitat ions, however, did not guarantee a high degree of accuracy; thermo­
well e r r o r s and recording e r r o r s could have been present . Nevertheless , 
for evaluation of heat balance and system performance, precision tempera­
ture measurements are more important than absolute accuracy. The 
intercomparison of t empera ture -sensor outputs obtained near operating 
conditions will give the degree of precision of the sensors and recorder . 

The test was conducted with both the prinnary and sec­
ondary sodium systems at 580°F. The pr imary flow was 9000 gpm and the 
secondary flow 4460 gpm. The steam system was in the heatup condition 
with the stop valve closed, the evaporators full of water, and the super­
heaters containing steam and some condensate. The power to the p r imary-
tank heater was adjusted until stable temperatures were obtained for 2 hr in 
the pr imary and secondary sodium systems and steam system. After iso­
thermal conditions had been verified, heat-balance data and the output of the 
system thermocouples were recorded. All temperatures were recorded on 
their normal ins t ruments . Outputs from the res is tance the rmomete r s , 
however, were read on a double Wheatstone bridge. 

The heat balance for the pr imary system is given in 
Table I.D.I. A 10% heat loss was assumed for the pr imary-pump moto r s , 
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which are 90-94% efficient. The thimble cooling loss , 30 kW, was estimated 
from 700°F data because the outlet temperatures were not recorded. The 
net heat output of the pr imary system, 27 kW; was assumed to be t ransferred 
to the secondary system. 

The heat balance for the secondary system is shown in 
Table I.D.2. The insulation losses were calculated from the ambient air 
conditions and the insulation thickness on the main piping. The total piping 
heat loss would be greater if all the drain l ines, the storage tank, etc. , were 
considered. The heat load of the pump-cooling water was determined in a 
separate test while the secondary pump was operating under s imi lar 
conditions. 

TABLE I .D . I . P r i m a r y - s y s t e m Heat Balance 

at 580°F 

Heat Input 
P r i m a r y pump No, 1 
P r i m a r y pump No, 2. 
Auxil iary pump 
Tank h e a t e r s 
F u e l - s u b a s s e m b l y Decay Heat 

Total 

Heat Loss 
Shield cooling 
Shutdown cooler No. 1 
Shutdown cooler No, Z 
Thimble cooling A 
Thimble cooling B 

Total 

Net Heat to Secondary Sys t em 

TABLE I .D.2 . S e c o n d a r y - s y s t e m Heat 
Ba lance at SSOT 

105 
105 

12 
6 

35 
263 

135 
39 
32 
15 
15 

236 

27 

Heat Input 
Secondary pump 
Induction lieaters 
Resistance heaters 
Surge-tank heaters 
Primary system 

Total 

Heat Loss 
Insulation loss (main path) 
Pump-cooling water 
Purification 

Total 

Net Heat 

161 
229 

49 
0 

27 
466 

188 
37 
22 

247 

219 

The fluid temperatures were corrected to account for 
the heat additions and heat transfer. If 27 kW of heat were t ransferred by 
the intermediate heat exchanger while the secondary inlet res is tance 
thermometer is at 581.9°F (corrected), the exchanger rate and heat-balance 
equations indicate that the pr imary inlet temperature would be 582.1''F, 
primary outlet 582.0°F, and secondary outlet 582.1°F. The last temperature 
may be compared to its res is tance- thermometer reading of 581.0°F (cor­
rected), which, considering that the thermometer does not have heat-
transfer fins, is surprisingly close to the reference temperature . The cal­
culated temperature r ise in the reactor due to the 35 kW of decay heat was 
0.1°F, whereas the temperature r ise across the pumps due to 210 kW of 
power input was 0.6°F. Thus, the pr imary inlet to the pump would be at 
581.4°F. 

In the secondary system, the calculated heat loss in 
the main flow path nearly equaled the measured input of electr ical power. 
Therefore, the induction- and resistance-heating inputs were assumed to 
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be offset by the insulation heat loss . The net r ise in sodium temperature 
was 0.7°F through the pump and 0.2°F through the intermediate heat ex­
changer. This heat was assumed to be dissipated in the evaporators . The 
system temperatures as read on the automatic data logger a re shown in 
Table I.D.3, along with reference temperatures and readout e r r o r s at 
operating tempera tures . 

TABLE I.D.3. Comparison o( System Temperatures and Sensor Temperatures with Retereoce Temperatures 

Location 

Pr imary System 

Pump inlet 
Reactor outlet 

IHX.b in 

Secondary System 

IHX.b In 

IHX,I> out 

Superheater, i n 

Supertieater, 710 out 

712 out 

mixed out 

Evaporator, 701 out 

703 out 
705 out 
707 out 

mixed out 
702 out 

7M out 
706 out 

708 out 

mixed out 

'ADL • automatic data iogger. 

Sensor 

Readout by 

ADL= 

A46 
A9 
C-1 

508B 
B-5 
»SA 
B-6 
B-2 
B-13 
B-15 

B-3 
B-i6 

B-18 
B-20 

B-22 

B-< 
6-17 

B-H 
B-21 

B-23 
B-S 

t>IHX • Intermediate heat exchanger. 

(b) EBR-

Sensor 

Temperature 
l°FI 

583.8 

581.8 
585.5 

582.2 
585.4 

581.7 

S83.8 

582.2 

583.8 
S8S.8 

583.4 
582.8 

582.8 

582.8 
582.8 
5?9.8 

582.8 
5SZ.4 

582.8 
582.8 

579.8 

- I I Heat-ba 

Reference 

Temperature 

(°FI 

581.4 

582.1 

582.1 

5819 
581.9 

582.1 
582.1 

582.1 
582.1 

582.1 

582.1 
581.2 
581.2 

581.2 

581.2 
581.2 

581.2 
581.2 

58L2 
581.2 
5812 

Error 

(°FI 

2.4 
-0.3 
3.4 

0.3 
35 

-0.4 
1.7 
0.1 
L7 
3.7 
L3 
L6 
L6 
16 
L6 

-1.4 

L6 
12 
1.6 
1.6 

•1.4 

lance Measure 

Readout Error 
at Higher 

Temperature 
(°FI 

-0.4 

2.2 

Expected Error 
at Operating 

Conditions 

l"FI 

2.0 
H 

-
IFrom Calibration) 

-
2.0 
2.1 
2.0 
2.0 
1.0 

-

ments at 50 

3.5 

3.7 
2.2 
3.7 
5.7 
2.3 

-
--
---

M W t 

(W. R. Wallin) 

Heat inputs and losses determined from heat-balance 
measurements made at 50 MWt on March 26, 1969, are summarized in 
Table I.D.4. The temperatures used in these studies were corrected in 
accordance with the results of calibration tests discussed in the preceding 
section. With the exception of secondary sodium flow, the values for flow 
rates were those indicated by operating instruments that had been cali­
brated in accordance with normal operating procedures . 

During the January-February reactor maintenance 
shutdown, the secondary-sodium flowmeter, which uses a Foster flow tube 
and different ial-pressure (dp) cell, was repaired and the dp cell was r e ­
calibrated. Using this flowmeter as the standard, the electromagnetic 
(EM) flowmeter was recal ibrated. 

P r imary flow was measured by an outlet total flow­
meter or by four inlet flowmeters. The four inlet flows were used to 



obtain the reactor heat shown in Table I.D.4; use of total outlet flow gives 
a value for reactor heat that is about 4% higher. 

TABLE I.D.4. Resul ts of EBR-II Heat 
Balance of March 26, 1969 

P r i m a r y System 
Heat input 

Reactor heat 48,000 
Tank heaters 6 
Auxiliary pump 12 
P r i m a r y pump No. 1 98 
P r i m a r y pump No, 2 95 

Heat loss 
Shutdown cooler No, 1 51 
Shutdown cooler No. 2 50 
Shield cooling 164 
Thimble cooling A 21 
Thimble cooling B 20 
Purification 0 

Net heat (to secondary sodium) 47,900 
Secondary System 

Heat input 
F rom intermediate heat exchanger 47,300 
Surge-tank heaters 0 
Induction heaters " 135 
Resistance heaters 48 
Secondary pump 185 

Heat loss 
Pipe loss (main path), calculated 188 
Pump-cooling water 37 
Purification 15 
Recirculation 36 

Net heat {to steam) 47,400 
Steann System 

Net heat from secondary sodium 
(feedwater flow less blowdown flow) 47^900 

Heat loss 
{feedwater TC to superhea t - s team TC) 140 

Net heat to turbine and auxil iar ies 47,800 

Steam-system flow was measured by the outlet 
superheated-steam flowmeter or by feedwater inlet flow minus blowdown 
flow. Inlet flow minus blowdown flow was used to calculate the values for 
heat output of the steam system shown in Table I.D.4; use of steam-flow 
values gives a value about 10% lower. 

,. ^^^ ^^^ heats t ransferred from pr imary to secondary 
sodium, from secondary sodium to steam, and from steam to the turbine-
generator system agree within 1%. 
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The pr imary purpose of the fabrication and installa­
tion of the instrument probe was to provide an installed spare for the de­
tectors for measuring the outlet temperature and upper-plenum p res su re 
of the reactor . The orientation of the probe with respect to the reactor 
and the upper coolant plenum is illustrated in Fig. I.D.I. Radially, the 
probe is located above grid position 14D6. The attached thermocouples 
a re numbered such that thermocouple No. 1 is located at the bottom of the 
probe and No. 8 at the top. 

• STRUHERT PROBE 

RUCTOR-VESSEL COVER 

HOLDDOMR FIROER 

J U U S S E I i a L T OUTLET THERHOCMRLE 

Fig. LD.l. Schematic Diagram of a Portion of the EBR-U Inner Tank Assemblji 
Showing Position of Instrument Probe and Its Thermocouples 

Seven of the e ight t h e r m o c o u p l e s have been funct ion­
ing s a t i s f a c t o r i l y s i n c e t h e i r i n s t a l l a t i o n a t the s t a r t of R u n 3 3 in F e b r u a r y 
1969. T h e r m o c o u p l e No. 4 , h o w e v e r , ma l func t ioned i m m e d i a t e l y a f t e r i t s 
i n s t a l l a t i o n . 
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Typ ica l t e m p e r a t u r e s i n d i c a t e d by the s e v e n func t iona l 
t h e r m o c o u p l e s dur ing 50-MWt o p e r a t i o n on M a r c h 10, 1969, a r e g iven in 
Table I .D .5 . W h e n e v e r the power l e v e l is r e d u c e d to z e r o , the t e m p e r a t u r e s 
of a l l funct ional t h e r m o c o u p l e s r e t u r n to a p p r o x i m a t e l y 700°F. The v a r i ­
a t ion in ind ica ted t e m p e r a t u r e h a s been shown to v a r y l i n e a r l y wi th r e s p e c t 
to p o w e r . 

TABLE I.D.5. Temperatures of Upper Coolant Plenum in EBR-II 

Thermocouple Temperature 
No. (°F) 

1 829 
2 837 
3 844 
4 

Thermocouple Temperature 
No. (°F) 

5 858.5 
6 860 
7 873.5 
8 875 

The difference between the temperatures indicated by 
thermocouples No. 1 and No. 8 is 46°F. The calculated subassembly outlet 
temperature in the outer blanket (over which the probe is located) is 
700-710°F, well below the temperature of 829°F indicated by the No. 1 
(lowest) thermocouple. The reading of 844°F for thermocouple No. 3 is 
closest to the average reactor outlet temperature of 847°F. Measured 
subassembly outlet temperatures for core positions 1, 2, and 3 were below 
850°F except for three controlled-flow experiments. Subassembly outlet 
temperatures calculated and measured for Rows 4, 5, and 6 range from 
850 to 899°F. 

Apparently the lower half of the upper plenum provides 
the flow area for the low-velocity and cooler outer-blanket flow. The coolant 
is warmed either by convective heat transfer or by mixing with higher-
temperature coolant from the core. Flow in the upper half of the upper 
plenum apparently is from the core where the higher- temperature and higher-
velocity coolant originate. Such an interpretation is consistent with the re ­
sults of the Franklin Institute flow studies. 

Thermocouples 7 and 8 are located in the region of 
essentially static sodium between the reac tor -vesse l cover and the upper 
baffle, which is attached to the cover. Gamma heating in the cover and baf­
fle may be the cause of the higher temperatures sensed by these thermo­
couples. Temperatures of coolant from Rows 4, 5, and 6 are similar to those 
read on thermocouples 7 and 8. To reach thermocouples 7 and 8, sodium 
would have to flow up through the clearance openings around the control-rod 
drive shafts and through a clearance gap of about l / l 6 in. between the cover 
and the baffle. This explanation, however, is believed to be improbable be­
cause of the existing pressure gradients. 
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(ii) N u c l e a r A n a l y s i s and Safety 

L a s t R e p o r t e d : A N L - 7 5 6 1 , pp. 25-26 ( M a r c h 1969). 

(a) P r o t o t y p e R e a c t i v i t y - m o n i t o r i n g M e t e r 
(J . R. K a r v i n e n ) 

P o w e r v a r i a t i o n s r e s u l t i n g f r o m rod d r o p s a t 500 kW, 
27.5 MWt and 54% flow, and 50 MWt and 100% flow w e r e m o n i t o r e d wi th the 
p r o t o t y p e r e a c t i v i t y - m o n i t o r i n g m e t e r dur ing Run 34. The r e s u l t s of t he se 
s t u d i e s , u n d e r the above c o n d i t i o n s , a r e i l l u s t r a t e d in F i g . I .D .2 . To i l l u s ­
t r a t e the 10-Hz n o i s e , the s i g n a l ob ta ined a t 500 kW has been ampl i f i ed by a 
f ac to r of 10. The da ta i n c o r p o r a t i n g th i s a m p l i f i c a t i o n , shown a s the l o w e r 
t r a c e of F i g . I .D .2 , i l l u s t r a t e the s e n s i t i v i t y of the m e t e r . As ind ica ted in 
the f i g u r e , the 10-Hz no i se d i s a p p e a r e d in Run 34B and, a c c o r d i n g l y , is m i s s ­
ing in t h e R u n - 3 4 B 22 .5 -MWt da t a . 

Fig. I.D.2 
Data from Evaluation of Prototype 
Reactivity-monitoring Meter 

(b) R e d e s i g n of the S t a i n l e s s S tee l Drop Rod ( j . K. Long) 

By nnodifying the des ign of the ex i s t ing s t a i n l e s s s t e e l 
d r o p rod to b r i n g about the r e m o v a l of r e a c t i v i t y in a s h o r t e r t i m e , the 
a n a l y s i s of the feedback function could be ex tended to p e r m i t eva lua t ion of 
the effects of s h o r t e r t ime c o n s t a n t s . The rod a c c e l e r a t e s r a t h e r s lowly 
du r ing the e a r l y p o r t i o n of i t s t r a v e l and d e c e l e r a t e s r a t h e r r a p i d l y a t the 
end of i t s t r e n d . 

The s t a i n l e s s s t e e l p o r t i o n s of the rod w e r e mod i f i ed 
s o tha t v e r y l i t t l e r e a c t i v i t y change t akes p l ace dur ing the l o w - v e l o c i t y 
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p o r t i o n s of the rod m o v e m e n t and the g r e a t e r p o r t i o n of r e a c t i v i t y c h a n g e 
t akes p l ace whi le the rod is mov ing a t h igh s p e e d s . The r e a c t o r p o r t i o n of 
the rod was modif ied by sho r t en ing the s t a i n l e s s s t e e l r od bundle and i n ­
s e r t i n g an addi t iona l block of s t a i n l e s s s t e e l having the s a m e s m e a r dens i t y 
a s the rod bundle . B e c a u s e an unwie ldy n u m b e r of c o m b i n a t i o n s of l eng ths 
of m a t e r i a l s and gaps is p o s s i b l e in defining the g e o m e t r y of the l o w e r 
a d a p t e r , rod bund le , s t e e l b lock , and s t e e l f o l l ower , a c o m p u t e r p r o g r a m 
was w r i t t e n to s o r t out the n u i n e r o u s c o m b i n a t i o n s and s e l e c t t h o s e wh ich 
s e e m to ind ica te p r o m i s e for sa t i s fy ing c r i t e r i a for r e a c t i v i t y r e m o v a l . The 
c r i t e r i a r e q u i r e that a v e r y s m a l l f r ac t ion of the r e a c t i v i t y be r e m o v e d d u r ­
ing the f i r s t 2 in. of rod t r a v e l and tha t a s u b s t a n t i a l t a i l a t the end of r od 
t r a v e l be left with e s s e n t i a l l y no r e a c t i v i t y r e m o v a l , the bulk of the r e m o v a l 
taking p lace dur ing the c e n t r a l p o r t i o n of the t r a v e l . It w a s a l s o r e q u i r e d that 
the rod not add any s igni f icant amoun t of r e a c t i v i t y in any p a r t of i t s t r a v e l . 
The p a t t e r n of wor th of subs t i tu t ing s t a i n l e s s s t e e l for s o d i u m w a s t aken f rom 
Z P R - 3 c r i t i c a l - e x p e r i m e n t da t a . * 

After su rvey ing m a n y p o s s i b l e c o n f i g u r a t i o n s , one was 
s e l e c t e d in which the effective t i m e of r e a c t i v i t y r e m o v a l w a s r e d u c e d f r o m 
about 250 m s e c with the p r e s e n t rod to a r o u n d 100 m s e c wi th the r e d e s i g n e d 
rod . With the p r o p o s e d d e s i g n , 96% of the rod w o r t h is r e m o v e d in the p e r i o d 
be tween 108 and 208 m s e c f r o m the s t a r t of the d r o p , c o m p a r e d to 48% with 
the p r e s e n t rod . C h a n g e s in r e a c t i v i t y whi le the rod is mov ing a t a ve loc i ty 
of l e s s than 3 f t / s e c a r e r e d u c e d to va lue s tha t should be n e g l i g i b l e . T h e r e 
is a negl ig ib ly s m a l l pos i t i ve pu l s e a t the s t a r t of r o d t r a v e l . The new rod 
is des igned to be d ropped f r o m 13 in . , so tha t p o s s i b l e flux a s y m m e t r i e s may 
be c o r r e c t e d by mak ing s m a l l a d j u s t m e n t s in d r o p he igh t in e i t h e r d i r e c t i o n . 
When the s a m e c a l c u l a t i o n a l a p p r o a c h u s e d for the d e s i g n of the p r o p o s e d rod 
was appl ied to the p r e s e n t s t a i n l e s s s t e e l d r o p r o d , the a g r e e m e n t b e t w e e n 
e x p e r i m e n t a l l y m e a s u r e d and c a l c u l a t e d v a l u e s of r e a c t i v i t y change w a s 
within a p p r o x i m a t e l y 10%. 

The new rod wi l l g e n e r a t e 10 kW of g a m m a hea t ing at 
50 MWt r e a c t o r p o w e r a s c o m p a r e d wi th a p p r o x i m a t e l y 13 kW for the p r e s e n t 
des ign . It i s p r o p o s e d that the new rod be o r i f i c e d for about 2 g p m of i n t e r n a l 
sod ium flow to m a k e it sub jec t to l e s s o v e r c o o l i n g than the p r e s e n t r o d , which 
is cooled by a flow rang ing f r o m 10.5 to 12.5 g p m . 

S c r a m t i m e of the rod wi l l not be i n c r e a s e d by the in ­
t roduc t ion of a s m a l l e r o r i f i c e . Tota l p r e s s u r e t h r o u g h the rod wi l l be the 
s a m e r e g a r d l e s s of the o r i f i ce s i z e . Whi le the rod is in m o t i o n , the v e r t i c a l 
ve loc i ty of s o d i u m within the rod wi l l be r e d u c e d b e c a u s e of the m o t i o n of the 
rod o r i f i c e . If the o r i f i ce w e r e c o m p l e t e l y b l o c k e d d u r i n g the i n t e r v a l of 
rod mo t ion , a co lumn of s o d i u m would be m o v e d d o w n w a r d wi th the r o d . The 
length of this co lumn of s o d i u m e x t e n d s f r o m the l o w e r p l e n u m to the u p p e r 

*Idaho Division Summary Report: July, August, September 1960, ANL-6301 
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outlet of the rod, and the column weighs less than 10 lb. The additional 
inertial effect of this sodium would not be significant compared to the mass 
of the rod itself. Therefore, the s c ram time will not be significantly af­
fected by orificing. 

(c) Slumped Aerojet Fuel ( j . R. Trinko) 

Diameter and length measurements were made in the 
Fuel Cycle Facility of a fuel pin fabricated by Aerojet General Corp. that 
had slumped during irradiation in Subassembly C2170. These data, to­
gether with a measurement of balance point of the fuel pin, were used to 
compare the fuel density in the lower portion of the pin with the density in 
upper portion. Analysis yielded 

Pbottom = (0-99^ ± 0.010)pj„p, 

where p is the fuel density. The uncertainty in the calculation was con­
trolled by the uncertainty in the location of the balance point. Figure I.D.3 
shows the diameter measurements as a function of axial position; it also 
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Fig. l.D.3. Diameter of Aerojet-made Fuel Pin as a Function of Position along Length of Pin 
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shows the loca t ion of the ba l ance poin t . It can be s e e n that the c r o s s -
sec t iona l a r e a of the pin is about 7.6% g r e a t e r a t the b o t t o m than a t the top . 
The dens i ty ca lcu la t ion above is a c c u r a t e to about 1%. T h e r e f o r e , the 
d i a m e t r i c swel l ing is not due to foaming , but is p r o b a b l y due to ne t m o t i o n 
of fuel f r o m the top of the pin to the b o t t o m . 

The r e a c t i v i t y i n s e r t i o n due to s lumping w a s c a l c u ­
la ted to be 5.2 ± 0.5 Ih. The c a l c u l a t i o n w a s b a s e d on the d i a m e t e r and 
length m e a s u r e m e n t s and on m e a s u r e d d i s t r i b u t i o n s of U w o r t h in 
Z P R - 3 . * 

b . N u c l e a r Ana lys i s Methods D e v e l o p m e n t 

L a s t R e p o r t e d : A N L - 7 5 6 1 , pp. 26 -28 ( M a r c h 1969). 

(i) I n t e r c o m p a r i s o n of Some C r o s s - s e c t i o n Se t s for Z P R - 3 
A s s e m b l y 6F (B. R. Sehgal) 

A de ta i led c o i n p a r i s o n of the r e s u l t s of c a l c u l a t i o n s for 
Z P R - 3 A s s e m b l y 6F with t h r e e d i f fe ren t c r o s s - s e c t i o n s e t s h a s b e e n m a d e . 
This c r i t i c a l a s s e m b l y has a compos i t i on and s i ze c l o s e to the p r e s e n t 
E B R - I I loading , plus the added a d v a n t a g e s of an a c t u a l t w o - r e g i o n s p h e r i c a l 
g e o m e t r y and r a t h e r ex tens ive m e a s u r e d p h y s i c s p a r a m e t e r s . The c o m ­
pos i t ion and the s ize of the two r e g i o n s of A s s e m b l y 6F u s e d in the c a l c u l a ­
t ions a r e shown in Table I .D.6. 

TABLE I.D.6. Specifications for ZPR-3 Assembly 6F 

Geometry: Sphere 
Radius of Region 1 (core): 22.83 cm 
Radius of Region 2 (blanket): 52.83 cm 

Isotope 

235u 

238u 

Al 
F e 
C r 
Ni 

C 

Reg ion C o m p o s i 

o r e R e g i o n 1 

0.00673 
0.0076957 
0.0189185 
0.0075645 
0.0019926 
0.000947 

. t ions 

DepL 

( a t o m s / b a r n - cm) 

e t e d - u r a n i u m B l a n k e t 
R e g i o n 2 

0 .0000913 
0 .0400656 
0 .0013676 
0 .0044956 
0 .0011842 
0 .0005628 

T h e t h r e e c r o s s - s e c t i o n s e t s c o n s i d e r e d i n t h i s s t u d y a r e : 
(1) t h e 2 6 - g r o u p s e t g e n e r a t e d f r o m t h e E N D F / B d a t a t h r o u g h t h e M C ^ c o d e * * 
f o r t h e A s s e m b l y - 6 F c o r e a n d b l a n k e t m a t e r i a l s ; (2) t h e 2 6 - g r o u p s e t 

Idaho Division Summary Report: July, August, September 1960, ANL-6301, p. 65. 
Toppel, B. J., Rago, A. L., and O'Shea, D. M., Mc2, A Code to Calculate Muitiaroup Cross Sections 
ANL-7318 (1967). — 
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g e n e r a t e d a s in (1), but i n c o r p o r a t i n g P i t t e r l e ' s m o d i f i c a t i o n s to the E N D F / B 
da ta ( d e s i g n a t e d a s M E N D F / B ) ; * and (3) the 2 2 - g r o u p Set 238 g e n e r a t e d by 
M a d e l l * * f r o m the o lde r c r o s s - s e c t i o n da ta con t r i bu t i ng to the A r g o n n e 
Set 224, but us ing the M C ^ - g e n e r a t e d s p e c t r a for an EBR-II c o r e and b l a n k e t . 

In the fol lowing p r e s e n t a t i o n we sha l l d e s i g n a t e t h e s e s e t s 
a s : (1) the E N D F / B s e t , (2) the M E N D F / B s e t of P i t t e r l e , and (3) the 238 s e t . 

The l a s t s e t h a s been u s e d e x t e n s i v e l y in a n a l y s i s c a l c u l a t i o n s for the v a r i o u s 
c o n f i g u r a t i o n s of E B R - I I r e a c t o r r u n s . 

C h r o n o l o g i c a l l y , Set 238 p r e c e d e s and the M E N D F / B s e t 
fol lows the E N D F / B s e t . It i s ev iden t f r o m the above d e s c r i p t i o n of t h e s e 
s e t s tha t the u l t r a f ine g r o u p s p e c t r a (in the MC^ ca l cu l a t i o n ) u s e d for g e n ­
e r a t i n g the c r o s s - s e c t i o n s e t s a r e qui te s i m i l a r . The m a i n d i f f e r ences in 
t h e s e s e t s a r e due to the d i f f e r e n c e s in the p a r e n t - p o i n t c r o s s - s e c t i o n d a t a . 

It is diff icult to l i s t the d i f f e r e n c e s be tween the c r o s s s e c ­
t ions feeding into Set 238 and Set E N D F / B b e c a u s e d o c u m e n t a t i o n of the 
f o r m e r is not a v a i l a b l e . P e r h a p s the m a j o r d i f fe rence be tween the c r o s s 
s e c t i o n s is in the s u b s t a n t i a l l y l o w e r {- 7 to 20%) i n e l a s t i c c r o s s s e c t i o n for 
^̂ *U in Set 238 b e t w e e n 40 keV and 2.2 MeV. The o t h e r c r o s s s e c t i o n s a r e 
not far r e m o v e d f r o m those in the E N D F / B se t . The d i f f e r e n c e s be tween 
the c r o s s s e c t i o n s for the E N D F / B and M E N D F / B Data F i l e s have been 
l i s t e d by P i t t e r l e et_ a l . B r i e f l y , the m o r e i m p o r t a n t d i f f e r e n c e s p e r t i n e n t 
to the Z P R - 3 A s s e m b l y 6F a r e a s fo l lows: 

(1) F o r ^ " U , the M E N D F / B f i s s ion c r o s s s ec t i on is con­
s i d e r a b l y lower than that of E N D F / B , with the d i f f e r e n c e s amoun t ing to 
r 10-15% above 2.5 MeV. The M E N D F / B f i s s ion s p e c t r u m is notably h a r d e r 
than tha t of E N D F / B and is the s a m e a s that for Set 238. 

(2) F o r " ^ U , the M E N D F / B c a p t u r e c r o s s s e c t i o n s a r e 
l o w e r than t hose of E N D F / B in the e n e r g y r e g i o n s below 8 and above 5 0 k e V . 
The f i s s i on c r o s s s e c t i o n s above 2 MeV a r e about 107o lower than those in 
E N D F / B . The i n e l a s t i c c r o s s s e c t i o n s a r e l o w e r by ; 5%. 

The MC^ c a l c u l a t i o n s with the E N D F / B and P i t t e r l e ' s 
M E N D F / B da ta w e r e m a d e for the A s s e m b l y - 6 F c o r e a t c r i t i c a l buckl ing 
and for the b l anke t a t z e r o buck l ing . 

The c a l c u l a t i o n of the p h y s i c s p a r a m e t e r s for A s s e m b l y 6F 
was p e r f o r m e d wi th the S N A R G - I D code'^ in the Sg a p p r o x i m a t i o n The r e ­
s u l t s of the c a l c u l a t i o n wi th the t h r e e s e t s of da ta a r e c o m p a r e d in 
T a b l e s I .D.7 th rough I .D.9 and F i g s . I .D.4 t h rough I .D.6 . Tab le I .D.7 shows 

* Pitterle. T. A., Page, E. M., and Yamamoto, M.. Analysis of Sodium Reacuviry Measurements: Volume 1: 
Cross Section Evaluauon and Testing, APDA-216 {1968). 

**Madell, ). T., A New Muliigroup Cross Section Set for EBR-II Analysis, memo to P. Persiani. January 25, 1968. 
't'Duffy, G. J.,£t. £1̂ ., SNARG-ID, A One-dimensional Discrete Ordmate Transport Theory Program for the 

CDC-3600, ANL-7221 (1968). 



the keff ca l cu l a t ed wi th the t h r e e s e t s us ing the input g e o m e t r y and corri-
pos i t ion shown in Table I .D .6 . It m a y be s e e n tha t the 238 and M E N D F / B 
s e t s a r e , r e s p e c t i v e l y , =0.7% u n d e r - r e a c t i v e and =0.2% o v e r - r e a c t i v e wi th 
r e s p e c t to the E N D F / B s e t . In th is con tex t , i t shou ld be po in ted out tha t the 
effect of ce l l h e t e r o g e n e i t y i n c r e a s e s kgff by =0.6%. The a d j u s t e d v a l u e s 
a r e shown in Table I .D .7 . They should be c o m p a r e d wi th the e x p e r i m e n t a l 
va lue of 1.0 for kgff. 

Table I .D.8 c o m p a r e s the c e n t r a l "*U fission/^^^U f i s s ion 
and the "^U c a p t u r e / " ^ U f i s s ion r a t i o s c a l c u l a t e d wi th the t h r e e c r o s s -
sec t ion se t s wi th the m e a s u r e d v a l u e s . The c e n t r a l f i s s i on r a t i o c a l c u l a t e d 
with Set 238 is about the s a m e as tha t c a l c u l a t e d wi th E N D F / B and - 3 % 
h igher than the m e a s u r e d v a l u e . H o w e v e r , the c e n t r a l f i s s i o n r a t i o c a l c u ­
la ted with the M E N D F / B s e t is =4% h ighe r than tha t c a l c u l a t e d wi th the 
E N D F / B se t and 7% h igher than the m e a s u r e d v a l u e . The "*U c a p t u r e / 
" ' U f i ss ion r a t i o ca l cu l a t ed with Se ts 238 and M E N D F / B a g r e e wi th the 
e x p e r i m e n t * but a r e =6% lower than the va lue c a l c u l a t e d wi th the E N D F / B se t . 

TABLE I.D.7. Resu l t s of Reac t iv i ty Ca lcu la t ions for Z P R - 3 A s s e m b l y 6 F 

(Measured k f £ = 1.0) 

Itgff for Adjusted Icgff for % Difference 
C r o s s - s e c t i o n Set Honnogeneous Sys tem He te rogeneous S y s t e m f rom Exper innent 

ENDI 
238 
MEN: 

r/B 

DF/B 

1.00262 
0.99532 
1.005065 

1.00884 
1 . 0 0 1 5 4 

1 . 0 1 1 2 9 

0.88 
0 . 1 5 
1 . 1 3 

TABI..E I .D.8. F i s s i o n and Cap tu re Ra t ios for Z P R - 3 A s s e m b l y 6 F 

(Measured c e n t r a l " ' U f i s s ion / "*U f iss ion r a t io = 0.069 ± 0.003; 
M e a s u r e d c e n t r a l " ' U c a p t u r e / " ^ U f iss ion r a t io = 0.103 ± 0.002) 

C r o s s - s e c t i o n 
Set 

Ca lcu la ted 
" ' U F i s s i o n / 
"=U F i s s i on 

% Difference 
fronn 

E x p e r i m e n t 

Ca lcu la t ed 
" ' U C a p t u r e / 
"^U F i s s i o n 

% Difference 
f rom 

E x p e r i m e n t 

ENDF/B 
238 
MENDF/B 

0.071 
0.071 
0.074 

2.9 
2.9 
7.2 

0.109 
0.103 
0.103 

5.8 
0.0 
0.0 

TABLE I .D.9. R o s s i Alplia for Z P R - 3 A s s e m b l y 6F 

(Measured R o s s i a = (0.94 ± 0.03) x 10^; 
"°U ^ = 0.0148: "^U (3 = 0.00641) 

C r o s s - sect ion Set 
R o s s i a 
(x 10-=) 

% Difference 
f rom E x p e r i m e n t 

ENDF/B 
238 
MENDF/B 

0.9965 
i . O i l 

0.9982 

6.01 
7.55 
6.19 

Peff 
(x 10 = ) 

7.006 
6.995 
7.063 

Calcu l a t ed 
P r o m p t L i fe t ime 

(10"° sec) 

7.03 
6.92 
7.076 

* Meneghetti, D., and White, J. R., Calculations of ZPR-3 Fast Assemblies Usine a 26-erouD Arsonne 
Cross-section Set, ANL-7133 (January 1966). ^ 
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Fig. I.D.6 

238u/235u pission Ratio for ZPR-3 Assembly 6F 

T h e c a l c u l a t e d v a l u e s of t h e R o s s i a = / S e f f A p ( w h e r e l^ 

i s t h e p r o m p t - n e u t r o n l i f e t i m e a n d Pef f i s t h e e f f e c t i v e d e l a y e d - n e u t r o n 

f r a c t i o n f o r a n a s s e m b l y ) a r e p r e s e n t e d i n T a b l e I . D . 9 . T h e s e c a l c u l a t i o n s 

w e r e a l s o d o n e w i t h t h e S N A R G - I D c o d e , u t i l i z i n g b o t h t h e d e l a y e d - n e u t r o n 

f r a c t i o n s f o r ^^*U a n d " * U s h o w n i n t h e t a b l e a n d t h e s p e c t r a f r o m K e e p i n . * 

T h e r e s u l t s s h o w t h a t t h e r e i s l i t t l e v a r i a t i o n in t h e R o s s i a c o m p u t e d w i t h 

t h e t h r e e c r o s s - s e c t i o n s e t s . H o w e v e r , t h e s e v a l u e s d i f f e r f r o m t h e m e a ­

s u r e d v a l u e by a b o u t 6 t o 7%, t h u s i m p l y i n g t h a t t h e c a l c u l a t e d s p e c t r a m a y 

b e t o o h a r d . 

T h e r a d i a l d i s t r i b u t i o n s of t h e U f i s s i o n r e a c t i o n r a t e 

a n d t h e ^ ' ' u / " ^ U f i s s i o n r a t i o c a l c u l a t e d w i t h t h e E N D F / B s e t a r e c o m p a r e d 

i n F i g . I . D . 4 w i t h t h e m e a s u r e d d a t a of L o n g £ t ^ . * * I t i s s u r p r i s i n g t o s e e 

*Keepin. G. R., Physics of Nuclear Kinetics, Addison-Wesley Publishing Co., Inc., Reading, Mass. (1956). 
• •Long, J. K., et^aU, "Fast Neutron Power Reactor Studies with ZPR-M," Proceedings of the Second Geneva 

Conference 12. p. 119 (1958). "̂  ~ 



the exce l l en t a g r e e m e n t be tween c a l c u l a t i o n s and m e a s u r e m e n t s for the 
"*U f i s s ion d i s t r i b u t i o n . Such a g r e e m e n t , h o w e v e r , does not e x i s t for the 
r a d i a l d i s t r i bu t i on of the " * u / " ^ U f i s s ion r a t i o ; the c a l c u l a t e d E N D F / B 
s p e c t r u m a p p e a r s to get h a r d e r than the m e a s u r e d s p e c t r u m a s one m o v e s 
away f r o m the co re t oward the b l anke t . 

The dev ia t ions of the r a d i a l d i s t r i b u t i o n of ^'^U f i s s i o n s 
ca l cu l a t ed with the 238 and M E N D F / B s e t s wi th r e s p e c t to t h o s e c a l c u l a t e d 
with the E N D F / B se t a r e p lo t ted in F i g . I .D ,5 , and t hose for the " * u / " ^ U 
f iss ion r a t i o a r e p lo t ted in F i g . I .D .6 . It should be no ted in F i g . I .D.6 tha t 
the r a d i a l d i s t r i bu t i on of " " u / ^ ^ U f i s s ion r a t i o c a l c u l a t e d both wi th the 238 
and M E N D F / B s e t s dev i a t e s f r o m the E N D F / B se t in oppos i t e d i r e c t i o n to 
that shown by the e x p e r i m e n t s and tha t the d e v i a t i o n s in the v a l u e s c a l c u ­
la ted with the 238 se t a r e qui te l a r g e . 

In s u m m a r y , it i s c l e a r tha t no s e t p r e d i c t s a l l of the m e a ­
s u r e m e n t s within the quoted e x p e r i m e n t a l e r r o r s . Set 238 p r e d i c t s r e a s o n ­
ably good va lues for kgff and the "^U f i s s ion and "*U c a p t u r e r a t i o s , but has 
l a r g e d i s c r e p a n c i e s for "^U and ^'*U f i s s ion r a d i a l d i s t r i b u t i o n s in the 
b lanke t . The M E N D F / B se t g ives 1%-high v a l u e s for kgff and 7%-high va lues 
for the "^u/"- ' 'U f i ss ion r a t i o . The va lue s c a l c u l a t e d wi th the E N D F / B se t 
fall in the midd le of the va lues c a l c u l a t e d with the o t h e r s e t s . 

(li) Ana lys i s of E B R - I I Run 31F wi th T h r e e C r o s s - s e c t i o n Se t s 
(J . T. Madel l ) 

E x t e n s i v e a n a l y s i s has been c a r r i e d out for the loading of 
E B R - I I Run 31F . As r e p o r t e d (see P r o g r e s s R e p o r t for F e b r u a r y 1969, 
A N L - 7 5 5 3 , p . 36), a new c r o s s - s e c t i o n s e t , d e s i g n a t e d J M 3 1 F , w a s deve loped 
to ana lyze the h i g h - e n e r g y r e a c t i o n s in E B R - I I . The f i r s t 16 e n e r g y g r o u p s 
have a l e t h a r g y width of 1/8, and the l o w e r e n e r g y l i m i t of the 16 g r o u p s is 
1.35 MeV. Not only is the e n e r g y s t r u c t u r e of J M 3 1 F d i f fe ren t f r o m tha t of 
the o the r two s e t s , but the s e t was deve loped f r o m a d i f f e ren t l i b r a r y of ba s i c 
neu t ron i c data . The l i b r a r y u s e d for J M 3 1 F w a s the m o s t r e c e n t ed i t ion of 
E N D F / B , w h e r e a s Set 238 u s e d an old ed i t ion of an MC^ l i b r a r y t ape and 
Set 23806 is a co l l apsed v e r s i o n of 238, and thus w a s not p r o d u c e d f r o m the 
MC^ code d i r e c t l y . 

F l u x - c o n v e r g e n c e p r o b l e m s w e r e run us ing the D I F - 2 D 
code in the ARC s y s t e m , * and t h r e e c r o s s - s e c t i o n s e t s J M 3 1 F , 238, and 
23806. A compi la t ion of s o m e of the quan t i t i e s of i n t e r e s t ob ta ined f r o m 
the t h r e e ca l cu la t ions is g iven in Table I .D. 10. 

• 
The Argonne Reactor Computation (ARC System), edited by B. J. Toppel. ANL-7332 (Nov 1967). 



TABLE I.D. 10. Neutronic Quantities Obtained from Two-dimensional 
Diffusion Calculation of EBR-II Run 31F with Cross-section 

Sets JM31F, 238, and 23806 

Quantity 

''̂ eff 
0 X lo ' , n /cm' -sec^ 

Center 
Radial core edge 
Axial core edge 

0(>O.83 MeV), % 
Center 
Radial core edge 
Axial core edge 

" •u /"*U Fission Ratio 
Center 
Radial core edge 
Axial core edge 

JM31F 

1.002 

1.63 
0.970 
1.175 

29 
24 
24 

0.0607 
0.0498 
0.0469 

238 

1.000 

1.59 
0.948 
1.139 

30 
25 
25 

0.0639 
0.0533 
0.0480 

23806 

0.998 

1.59 
0.950 
1.141 

30 
26 
25 

0.0650 
0.0545 
0.0504 

^Normalized to one fission/sec in the reactor. 

The flux obtained using Set JM31F is consistently higher 
in the core region than the flux obtained with the other two cross-sect ion 
se ts . The slightly lower percentage of flux above 0.82 MeV is predicted by 
JM31F. As can be seen from Table I.D. 10, however, the difference in the 
values calculated with the various sets is only 1%. The largest differences 
in the quantities presented is that of the fission ratio of ^"U to "*U. The 
reason for the difference may lie in the difference of the energy structure 
of the broad groups or in the basic cross-sect ion data used to generate the 
set. There i s , however, a trend that suggests that the differences may be 
attributed at least in part to the energy s t ructure . As the number of broad 
groups above the fission threshold of U (approximately 1 MeV) decreases , 
the predicted fission ratio tends to increase. There are 17 broad groups 
above 1 MeV in Set JM31F whereas there are only 3 and 2 in Sets 238 and 
23806, respectively. 

(iii) Effects of Resonance Scattering on Spatial Energy Vari­
ations of Flux for Nickel- and Steel-reflected EBR-II-type 
Cores (D. Meneghetti andK. E. Phillips) 

Spatially dependent, fine-energy-detailed neutron-flux 
spectra for an EBR-II-type core radially reflected by nickel-rich and by 
s tee l - r ich reflectors have been calculated as part of a study of the effects 
of resonance scattering in the region about the interface of the core and the 
reflector. 

The spectra, obtained by using 371 equal-lethargy energy 
groups in the energy range from 2.1 keV to 1.35 MeV, were calculated 



a * by use of the c o m p o s i t e of the E L M O E l i b r a r y of a n g u l a r s c a t t e r i n g da t a 
and the Argonne d i s c r e t e S N t r a n s p o r t c o d e . The S^ a n a l y s i s , b a s e d on 
c y l i n d r i c a l g e o m e t r y , w a s an i n h o m o g e n e o u s c a l c u l a t i o n and u s e d the t r a n s ­
p o r t a p p r o x i m a t i o n . The a n a l y s i s u s e d 86 m e s h i n t e r v a l s , wi th a m e s h 
dens i ty that was g r e a t e r n e a r i n t e r f a c e s . The i n h o m o g e n e o u s c a l c u l a t i o n 
u t i l i zed an e s t i m a t e d spa t i a l ly d i s t r i b u t e d f i s s ion s o u r c e in the c o r e to c i r ­
cumven t the compu ta t iona l t i m e needed for s o u r c e i t e r a t i o n . By u s e of 
f i n e - e n e r g y l eakage a b s o r p t i o n s , a x i a l - l e a k a g e ef fec ts w e r e a l s o t a k e n 
a p p r o x i m a t e l y into accoun t . 

In these c a l c u l a t i o n s , an a p p r o x i m a t e c o r e c o m p o s i t i o n of 
E B R - I I was r a d i a l l y s u r r o u n d e d by 25 c m of e i t h e r n i c k e l - r i c h or s t a i n l e s s 
s t e e l - r i c h r e f l e c t o r fol lowed by e s s e n t i a l l y a 1 0 - c m - t h i c k d e p l e t e d - u r a n i u m 
b lanke t . The 2 5 - c m - t h i c k r e f l e c t o r c o n s i s t e d of two r e g i o n s , one 10 c m and 
the o ther 15 c m th ick , with the i nne r r eg ion con ta in ing a h i g h e r s o d i u m con­
tent . In the c a s e of the n i c k e l - r i c h r e f l e c t o r , the a p p r o x i m a t e a t o m i c den ­
s i t i e s for the two r e g i o n s , r e s p e c t i v e l y , in uni t s of 10^* a t o m s / c m , a r e : 
(1) sod ium, 0 .003; n i cke l , 0 .073; and s t a i n l e s s s t e e l , 0 .006; and (2) s o d i u m , 
0.0016; and n icke l , 0 .085. F o r the s t a i n l e s s s t e e l - r e f l e c t e d c a s e , the a p ­
p r o x i m a t e a t o m i c d e n s i t i e s for the two r e g i o n s a r e : (1) s o d i u m , 0 .003 ; and 
s t a i n l e s s s t e e l , 0.074; and (2) sod ium, 0.0016; and s t a i n l e s s s t e e l , 0 .080. 

The s p e c t r a a t v a r i o u s s p a t i a l p o s i t i o n s a r e shown in 
F i g s . I .D.7 and I .D.8 for the n i c k e l - r i c h r e f l e c t o r and the s t e e l - r i c h r e f l e c ­
to r , r e s p e c t i v e l y . The p e a k s in flux due to l o w - c r o s s - s e c t i o n " w i n d o w s " 
be tween s c a t t e r i n g r e s o n a n c e s a r e ev iden t in c o r e and r e f l e c t o r r e g i o n s . In 
addi t ion , the i n t e r a c t i o n of the p e a k s c h a r a c t e r i s t i c of both c o r e and r e f l e c ­
tor compos i t i ons a r e p r e s e n t n e a r the i n t e r f a c e . The shape b e t w e e n l e th ­
a r g y 2.0 and l e tha rgy 2.5 is not r e l i a b l e b e c a u s e , a t e n e r g y g r e a t e r than that 
c o r r e s p o n d i n g to the l e tha rgy value of 2 .0 , the a n a l y s i s u t i l i z e d c o a r s e c r o s s 
s e c t i o n s , which cause s p e c t r a l - e n v e l o p e d i s t o r t i o n . 

(iv) Dependence of C o r e - r e f l e c t o r C u r r e n t in N i c k e l - and S t e e l -
r e f l e c t e d E B R - I I - t y p e C o r e s on S p a c e - E n e r g y Weight ing 
of Mul t ig roup C r o s s Sec t i ons (D. M e n e g h e t t i and 
K. E . P h i l l i p s ) 

The f i n e - e n e r g y - d e t a i l e d n e u t r o n - f l u x so lu t i ons shown in 
F i g s . I .D.7 and I .D.8 , t oge the r wi th the c o r r e s p o n d i n g f i n e - e n e r g y - d e t a i l e d 
c u r r e n t s , have been u s e d a s weight ing f a c t o r s in s p a c e - e n e r g y c o l l a p s e of 
fine c r o s s - s e c t i o n de ta i l to c o a r s e - g r o u p c r o s s s e c t i o n s . The c o l l a p s i n g 
p r o c e d u r e h a s been p r e v i o u s l y r e p o r t e d . * * 

*Meneghetti, D., Rago, A, L.. and Phillips, K, E., "Use of the ELMOE-SNARG Programs to Study Details of 
Neutron Spectra through Regions of Resonance-scattering Media," Resumenes de los articulos Presentados 
en la Conferencia International sobre Utilization de Reactores de Investigacion y Compute y 
Mathematicas de Reactores, Mexico City, 1967, 
Meneghetu, D., and Phillips, K. E., Fine-Spectral Interface Effects of Resonance Scattering upon Multigroup 
Cross Section Averaging, Trans. Am. Nucl. Soc. 11, 205 (1968). 
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The fine-group transport cross sections a re weighted by 
the fine-group current, whereas other cross sections are weighted by the 
fine-group flux. 

Collapsed coarse-group cross sections corresponding to 
each of 63 mesh positions in the system, to each of 11 subregions (three in 
the core, three in each of the two reflectors, and two in the blanket), and to 
four mesh positions (at the center of each of the four regions) were utilized 
to calculate coarse-group solutions for comparison with the reference fine-
group solutions. In Tables I.D.11 and I.D.12, the core-ref lector cur rents 
corresponding to coarse-group energy intervals a re compared for the 
nickel-rich and steel-r ich reflected EBR-II core types, respectively, in 
the energy range of the fine-group analysis of the reference calculations. 

TABLE I.D.11. Core Lealcage:^ EBR-II-type Core, Niclcel-rich Reflector 

Coarse-energy 
Group No. 

4 
5 
6 
7 
8 
9 

ID 
11 
12 
13 
14 
15 

Lower Energy 
Limit of Group 

(MeV) 

0.825-1.35 
0.5 
0.3 
0.18 
0.11 
0.067 
0.0407 
0.025 
0.015 
0.0091 
0.0055 
0.0021 

Fine-group 
Calculationh 

0.0405 
0.0389 
0.0318 
0.0132 
0.00601 
0.00168 

-0.00506 
-0.00132 
-0.00041 
-0.00300 
-0.00216 
-0.00134 

Coarse 

63 Sets 

0.0414 
0.0396 
0.0320 
0.0133 
0.00604 
0.00168 

-0.00507 
-0.00129 
-0.00040 
-0.00297 
-0.00215 
-0.00137 

-group Calculation 

11 Sets 

0.0415 
0.0394 
0.0320 
0.0134 
0.00602 
0.00155 

-0.00495 
-0.00130 
-0.00037 
-0.00307 
-0.00218 
-0.00139 

4 Sets 

0.0428 
0.0379 
0.0317 
0.0148 
0.00584 
0.00054 

-0.00367 
-0.00142 
-0.00041 
-0.00221 
-0.00236 
-0.00148 

^Based on total applied source of unity. 
'^Sunnmed from fine-group solution. 

TABLE I.D.12. Core Leakage:^ EBR-II-type Core, Steel-rich Reflector 

Coarse-energy 
Group J 

4 
5 

6 
7 
8 

9 
10 
11 
12 
13 
14 
15 

Lower Energy 
Limit of Group 

(MeV) 

0.825-1.35 
0.5 
0.3 

0.18 
0.11 
0.067 
0.0407 
0.025 
0.015 
0.0091 
0.0055 
0.0021 

Fine-group 
Calculation" 

0.0471 
0.0407 
0.0308 
0.0183 
0.00893 
0.00223 

-0.00073 
-0.00134 
-0.00337 
-0.00144 
-0.00047 
-0.00120 

Coarse-
63 Sets 

0.0470 
0.0412 
0.0309 
0.0183 
0.00889 
0.00222 

-0.00073 
-0.00133 
-0.00338 
-0.00144 
-0.00047 
-0.00130 

-group Calculation 
11 Sets 

0.0471 
0.0412 
0.0311 
0.0181 
0.00901 
0.00222 

-0.00081 
-0.00131 
-0.00343 
-0.00143 
-0.00044 
-0.00129 

4 Sets 

0.0473 
0.0410 
0.0326 
0.0170 
0.0104 
0.00238 

-0.00134 
-0.00101 
-0.00392 
-0.00132 
-0.00051 
-0.00135 

^Based on total applied source of unity. 
Summed from fine-group solution. 
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For the lower-energy groups, the differing scat ter ing-
resonance s t ructures of the compositions on either side of the core-
reflector interface a re strong and are coupled with a ref lector- to-core 
current direction. In this energy region, use of spatially dependent coa r se -
group collapsed sets is important if the individual coarse-group leakages 
a re to be correctly calculated. 

On the other hand, since the bulk of the core leakage in the 
EBR-II-type system occurs at the higher energies , calculations of the over­
all reactivity of such a system is not expected to require a large number of 
subregional cross-sect ion sets . 

(v) Flux and Fission Rate in Structural - tes t Subassemblies 
(L. B. Miller, R. E. Jarka , and J . Sullivan) 

In Run 32D, two experimental subassemblies containing 
s tructural mater ia ls were loaded into Row 2 of the reactor core. One of 
these was completely surrounded by driver subassemblies. One of these 
driver subassemblies was in turn completely surrounded by driver sub­
assemblies except for the subject experimental subassembly. This driver 
subassembly and the experimental subassembly surrounded by driver 
subassemblies thus were symmetrically placed, providing an ideal a r range­
ment for a study of flux depression in a s t ruc tura l - tes t subassembly. The 
geometry was represented in an x, y coordinate system for a DSN analysis . 
The atom densities in the driver and experimental s tructural subassemblies 
are given in Table I.D.13. 

TABLE I.D. 13. Atom Densi t ies ( a t o m s / c m ' ) in Dr iver and 
S t ruc tu r a l - t e s t Subassembl ies 

S t ruc tu r a l - t e s t 
Driver Subassembly Subassembly 

"*U 0.006940 
" ' P u 0.000004 
" •U 0.006350 
Mo 0.000924 
Nb 0.000005 
Z r 0.000756 
F e 0.011906 0.050256 
Ni 0.00163 0.006307 
C r 0.00334 0.013869 
Na 0.106290 0.003915 
F i s s ion products 0.000055 0.002300 

In Table I.D.14, the group fluxes have been tabulated for 
the mesh points indicated in Fig. I.D.9. The fluxes have been multiplied by 
the "^U fission cross sections to obtain the fission rate (per atom of " 'U) 
that can be expected in a ^ '̂U foil in the s t ruc tura l - tes t subassembly as 



c o m p a r e d to the ^'^U f i s s ion r a t e in the d r i v e r s u b a s s e m b l y (per a t o m of 
"^U) . The ^^'U f i ss ion c r o s s s e c t i o n s a r e g iven in Tab le I .D .15 , and the 
f i s s ion r a t e s a r e shown in Table I .D. 16. 

T A B L E I .D. 14. Re la t ive Group F l u x e s in D r i v e r and 
S t r u c t u r a l - t e s t S u b a s s e m b l i e s 

Group 

1 

2 

3 

4 

5 

6 

E L , eV 

2.35 X 10 ' 

8.21 X 10^ 

3.02 X 10= 

1.11 X 10* 

4.09 X 10* 

2.90 X 10' 

M e s h 
Po in t 

1 

0.90 3 

2.911 

5.080 

5.273 

3.562 

3.113 

M e s h 
Po in t 

2 

0.946 

3.008 

5.206 

5.397 

3.642 

3.163 

M e s h 
P o i n t 

3 

1.206 

3.357 

5.426 

5.691 

3.850 

3.202 

M e s h 
P o i n t 

4 

1.387 

3.637 

5.629 

5.914 

4 .011 

3.236 

Fig. I.D.9 

Position of Structural-test Subassembly 
and Mesh Points Used in Study of Flux 
Depression in the Subassembly 

MESH POINTS CONSIDERED: ^ 1 ^ 2 ^ 3 ^ 4 

Fe = STRUCTURAL- EXPERIMENT SUBASSEMBLY 

D = DRIVER SUBASSEMBLY 

S = SAFETY SUBASSEMBLY 

TABLE I .D.15 . " ' U F i s s i o n C r o s s Sec t ions 

Group C r o s s Sec t ions oAh) 

1.285 

1.282 

1.202 

G r o u p C r o s s Sec t ions af(b) 

1.425 

1.804 

2.956 
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TABLE I.D. 16. Relative Fission Rates per Atom of 

Group 

1 
2 
3 
4 
5 
6 

Total 

Mesh 
Point 

1 

1.16 
3.73 
6.12 
7.51 
6.43 
9.25 

34.15 

Mesh 
Point 

2 

1.22 
3.86 
6.26 
7.69 
6.57 
9.35 

34.95 

Mesh 
P o i n t 

3 

1.62 
4.30 
6.52 
8.11 
6.95 
9.47 

36.97 

Mesh 
Point 

4 

1.78 
4.66 
6.77 
8.42 
7.23 
9.56 

38.42 

The average fission rate per U-235 atom in a foil located 
at the center of the s t ruc tura l - tes t subassembly is 8.3% less than the fis­
sion rate per U-235 atom in a correspondingly located driver-fuel sub­
assembly. The high-energy fission rate is depressed by 30% in the 
s t ruc tura l - tes t subassembly. It is significant that the flux and fission-rate 
depression is highly dependent on the position in the s t ructura l - tes t sub­
assembly at which the foil measurements are made. 

(vi) Analysis of Rod-bowing Feedback (D. Kucera) 

The BOW-IV program has become operational up to an 
EBR-II s teady-state power level of 135 MWt. The input for the hex-can 
temperature the program uses was derived from Run 25 with the stainless 
steel radial reflector. 

Running time on the CDC-3600 computer has averaged less 
than 15 sec per power level studied, or 1.8 sec/ i tera t ion. The BOW-IV 
program is now far superior to any of its predecessors in te rms of con­
vergence stability and accuracy. 

c. Fuel Performance Studies--Mark I Series (C . M. Walter) 

(i) Driver Fuel Operation at High Temperatures and Burnups 
(W. N. Beck and J. P . Bacca) 

Last Reported: ANL-7561, p. 28 (March 1969). 

An experimental p rogram of irradiating encapsulated 
Mark-IA elements in the EBR-II reactor to burnups considerably higher 
than that originally set as maximum for the element (i .e. , 1.2 a /o burnup) 
is well under way. Table I.D. 17 l ists the elements included in this p rogram 
and the irradiat ion conditions for each. 



TABLE I.D.17. High-burnup Mark-IA Elements 

Capsule 
N o . 

BF02 
BF03 
BF04 
BF05 
BF08 
BF09 
B F l l 

Subassembly 
N o . 

X066 
X066 
X052 
X017 
X052 
X017 
X052 

Maximum 
Calculated 

Burnup (a/o) 

3.5 
3.5 

2.9 
2.1^ 
2.9 
2.1^ 
2.9 

Maximum 
Cladding 

Temp (°F) 

897 
897 
918 
875 
918 
875 
9 1 8 

Maximum 
Fuel 

Temp (°F) 

1025 

1025 
1061 
1003 
1061 
1003 
1061 

^Measured by chemical analysis for te l lur ium. 

C a p s u l e s BF02 and BF03 had been s u c c e s s f u l l y i r r a d i a t e d 
in S u b a s s e m b l y X015 to a ca l cu l a t ed 3.5 a / o b u r n u p by the end of Run 34. 
N o n d e s t r u c t i v e examina t i on of the c a p s u l e s by n e u t r o n r a d i o g r a p h y showed 
the e l e m e n t s to be in tac t ; and they have t h e r e f o r e b e e n r e i n s t a l l e d in Sub­
a s s e m b l y X066 and r e i n s e r t e d in the r e a c t o r . C a p s u l e s B F 0 4 , B F 0 8 , and 
B F l l w e r e o r ig ina l ly i r r a d i a t e d in S u b a s s e m b l y X017 to a c a l c u l a t e d 2.4 a / o 
bu rnup . The e l e m e n t s w e r e then n o n d e s t r u c t i v e l y e x a m i n e d and found to be 
in tac t . The i r r a d i a t i o n p e r i o d was subsequen t ly ex tended to 2.9 a / o b u r n u p 
without f a i l u r e . Two of these e l e m e n t s (BF04 and BF08) a r e be ing d e s t r u c ­
t ively examined . 

P o s t i r r a d i a t i o n e x a m i n a t i o n of E l e m e n t B F 0 9 h a s b e e n 
comple t ed . The e l e m e n t w a s i r r a d i a t e d to an a n a l y z e d m a x i m u m b u r n u p 
of 2.13 a / o . F i g u r e I .D. 10 shows the ax ia l b u r n u p p ro f i l e of the e l e m e n t , 
b a s e d on a n a l y s i s of five s e c t i o n s of the fuel p in . The peak b u r n u p o c c u r s 

below the c e n t e r l i n e of the pin and is l a r g e l y 
a t t r i b u t e d to the p l a c e m e n t of the e l e m e n t 
wi th in the c a p s u l e . The fuel w a s U - 5 w / o F s 
a l loy having a s i l i con c o n c e n t r a t i o n of 
150 p p m . The i n c r e a s e in fuel v o l u m e w a s 
d e t e r m i n e d to be 22% and the f i s s i o n gas r e ­
l e a s e d to the p l e n u m 3.6%. The pin w a s in 
i n t i m a t e o r n e a r l y i n t i m a t e c o n t a c t w i th the 
ID of the c ladding e x c e p t a t the b o t t o m 
2.5 in . , w h e r e a m a x i m u m a n n u l a r s e p a r a ­
t ion of 0.003 in. was no t ed . The pin had 
e longa ted 2.9%, but w a s s t i l l 0.05 in . f r o m 

making con tac t with the r e s t r a i n e r . The fuel w a s in i t i a l ly s o d i u m bonded 
to the c ladding; as the fuel expanded , the s o d i u m in the annu lus w a s f o r c e d 
into the p l e n u m r e g i o n . The p l e n u m g a s was r e c o v e r e d and the p l e n u m 
volume m e a s u r e d . 

2.1 

0 2-0 

^ 1.9 

1 i.e 

i 1.7 

1.6 

' 'J ' ' , 

-

1 1 , 1 1 1 

1 1 1 1 1 1 

\̂̂ ^ 
\ , -

r^ 
INCHES FROM BOTTOM OF FUEL 

Fig. I.D.IO. Axial Bumup Profile of 
Encapsulated Element BF09 
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Transverse as well as longitudinal metallographic sections 
were taken from five places along the length of Element BF09. The polished 
sections showed no unusual fuel s t ruc tu res . There was no micros t ruc tura l 
evidence of melting. Neither formation of fission-gas bubbles nor mic ro -
tearing was discernible at a magnification of 500X. Microprobe scans were 
made across the interface of the fuel and cladding for U, Mo, Ru, Fe , Cr , 
Ni, and Cs . There was no evidence of migration of the elements of the fuel 
into the cladding or of cladding elements into the fuel within the one-micron 
resolution of the microprobe. Ruthenium was segregated on the fuel-side 
interface to a depth of about 3 fl. 

2.4 

"*." 
9 i.t 

0.4 

' 1 

-
-
-

1 

1 1 

•F09| 

' 1 ' 1 

/X)eF08 
/ Q*f04 

y OBFII 
JBF09 

I 1 1 1 

1 

-
_ 
_ 

1 

D i a m e t r a l p r o f i l e s have b e e n 
ob ta ined of five h i g h - b u r n u p e n ­
c a p s u l a t e d M a r k - I A e l e m e n t s . The 
m a x i m u m cladding s t r a i n s found in 
t h e s e e l e m e n t s ( c o r r e c t e d for s t a i n ­
l e s s s t e e l swel l ing) a r e p lo t ted v e r s u s 
the m a x i m u m c a l c u l a t e d bu rnup in 
F i g . I .D. I 1. The sol id l ine r e p r e s e n t s 
the r e s u l t s of BEMOD c a l c u l a t i o n . 
The u n c e r t a i n p a r a m e t e r s in this c a l ­
cu la t ion w e r e ad jus t ed to give good 
a g r e e m e n t with E l e m e n t s B F 0 5 and 
B F 0 9 . H o w e v e r , the t h r e e h i g h e r -
b u r n u p p ins (BF04 , B F 0 8 , and B F l l ) 
now fall s o m e w h a t below the p r e d i c t e d 

c u r v e . F u r t h e r changes wil l be m a d e in the code to give b e t t e r a g r e e m e n t 
wi th both s e t s of da t a . The b u r n u p and t e m p e r a t u r e input to BEMOD wil l 
be r e v i s e d to c o r r e s p o n d with the lower b u r n u p s e x p e r i m e n t a l l y found in 
t h e s e e l e m e n t s . 

Fig. I.D.11. Comparison of Measured Changes in 
Strain of EBR-II Mark-IA Fuel Elements 
(data points) with Changes Predicted 
by BEMOD Code (solid Une) 

P o s t i r r a d i a t i o n we igh t s of C a p s u l e s B F 0 4 , B F 0 8 , and B F l l 
w e r e the s a m e a s t h e i r p r e i r r a d i a t i o n w e i g h t s , ind ica t ing that t h e r e had been 
no l o s s o r ga in in the quant i ty of bond s o d i u m in the c a p s u l e s . N e u t r o n 
r a d i o g r a p h s a t T R E A T showed no a b n o r m a l i t i e s , such a s fuel m o v e m e n t , 
c r a c k i n g , o r g r o s s s t r a i n i n g of the e l e m e n t c l add ing . S a m p l e s of the p l e n u m 
g a s in the c a p s u l e fai led to show the p r e s e n c e of f i s s ion p r o d u c t s . This in ­
d i c a t e s that t h e r e was no f a i l u r e of the e l e m e n t c l add ing . 

P r e c i s e m e a s u r e m e n t s of d i a m e t e r w e r e m a d e of both the 
c a p s u l e s and the e l e m e n t s . T h e s e m e a s u r e m e n t s showed peak d i a m e t e r in ­
c r e a s e s of the c a p s u l e OD of 0.1 to 0.2% (0.0005 to 0.0008 in.) and of the 
e l e m e n t OD of 1.0 to 1.2% (0.0016 to 0.0021 in . ) . The loca t ion of the g r e a t e s t 
d i a m e t e r i n c r e a s e for both the c a p s u l e s and e l e m e n t s w a s s l igh t ly be low the 
m i d l e n g t h of the fuel in the e l e m e n t . L i t t l e , if any , i n c r e a s e s in e l e m e n t o r 
c a p s u l e d i a m e t e r s o c c u r r e d in the r eg ion of the g a s p l e n u m of the e l e m e n t s . 



d. Mark II Driver Fuel Element Development (C. M. Walter) 

(i) Element Irradiation Tests (W. N. Beck) 

Last Reported: ANL-7561, pp. 28-29 (March 1969). 

An irradiation program is currently being conducted on 
encapsulated Mark-II fuel elements in a B37 subassembly (X053, formerly 
X029). 

The subassembly was first removed after completion of 
Run 3 IF, the calculated maximum fuel burnup was 2.3 a /o . Neutron-
radiographic examination of the capsules showed the pins to be straight, 
intact, and of uniform density. The increases in capsule diameter (about 
0.1%) were consistent with the amount of stainless steel swelling ex­
pected at these fluences and temperatures . There was no indication of strain 
due to cladding creep. The fuel had elongated in the cladding to make con­
tact with the res t ra ine rs . This was common to all e lements , i r respect ive 
of type of res t ra iner or initial separation between the fuel and r e s t r a ine r , 
which ranges from 0.2 to 0.7 in. The behavior of these capsules supports 
previously observed results which show that a res t ra iner will l imit axial 
growth of a metal fuel pin and transfer it to a radial direction. 

Three of the elements (201, 212, and 251) were deencapsu-
lated and are being subjected to detailed examination. 

F rom measurements of plenum p re s su re , approximately 36% 
of the fission gas was calculated to have been released to the plenum. Optical 
metallographic examinations of sections of the elements showed formation of 
very small fission-gas bubbles; this formation will be examined by electron 
microscopy. Prel i ininary electron-microprobe analysis indicates no de­
tectable diffusion of the elements of the fuel into the cladding or of cladding 
elements into the fuel within the one-micron resolution of the microprobe. 

Subassembly X053, containing the remaining 34 Mark-II 
elements plus three substitution elements, is being i r radia ted and should 
attain a calculated 4-a/o burnup at the end of Run 34. An in ter im nondestruc­
tive examination will then be performed on all capsules in the subassembly. 
Some of the capsules will be selected for removal and destructive examina­
tion. The others will be reconstituted into a new subassembly for additional 
exposure. 



e. Equipment--Fuel Related (E. Hutter) 

(i) New Control Rod Subassemblies (O. S. Seim, T. Sullivan, 
and J. Pardini) 

Last Reported: ANL-7561, p. 29 (March 1969). 

(a) Higher-worth Control Rod. Flow tests and fabrication 
drawings of the prototype version of the higher-worth control rod were 
completed. Two prototype higher-worth control rods will be constructed. 
One will be inserted in the reac tor , replacing a rod now in use, for mech­
anical and performance evaluation. If the data from these tests a re sa t i s ­
factory, the reactor will be operated for an extensive period with the 
higher-worth control rod inserted to obtain life-test data. 

(ii) Oscillator Rod--Mark II (O. Seim, J. Pardini , and 
T. Sullivan) 

Last Reported: ANL-7561, p. 29 (March 1969). 

Fabrication and testing of all components for the Mark-IIB 
osci l la tor-rod system were completed. The lower bearing assembly, guide 
tube, guide-tube insertion tool, s torage-basket adapter sleeve, and sleeve-
handling tool were tested in a ir at room temperature and in sodium at 700°F. 
The tests were done in a tank containing two sleeves, one simulating a 
control-rod hole in the reactor grid and the other a storage-basket tube. To 
avoid sodium contamination of the oscillator rod, a dummy rod was used with 
the lower-bearing c a r r i e r assembly whil« performing the test in sodium. 
The oscillator rod had been tested previously. 

The guide-tube insertion tool was locked to the guide tube 
and inserted in the simulated control-rod hole. A downward force of 300 lb 
was maintained on the guide tube while the spring-loaded bayonet lock of the 
guide tube was successively locked to the simulated grid pin and unlocked 
from the pin. This test was made to simulate the force that will be applied 
by the core gripper when these operations a re performed in the reactor . In 
air at room tempera ture , 24 ft-lb of torque were required to lock the guide-
tube bayonet, and 22 ft-lb of torque were required to unlock it. In 700°F 
sodium, 27 ft-lb of torque were required for locking and 23 ft-lb for 
unlocking. 

The assembly of the dummy rod and lower bearing was then 
inserted in the guide tube. Again, a downward force of 300 lb was main­
tained on the top adapter of the dummy rod to seat the bayonet lock properly 
on the guide-tube pin. In air at room temperature , 11 ft-lb of torque were 
required to lock and unlock the bea r ing-ca r r i e r bayonet. In 700°F sodium, 
18 ft-lb were required. 



The handling tool for the s torage-basket adapter sleeve was 
used to install and lock the sleeve in the simulated s torage-basket tube. The 
unlocking extension was then attached to the handling tool, and the tool was 
used to unlock and remove the adapter sleeve from the simulated s torage-
basket tube. 

All of the components operated satisfactorily. Cleanup of 
the components after testing in sodium was accomplished with no difficulty 
except for the sleeve-handling tool. This tool is being modified to simplify 
cleaning. After modification it will be tested in sodium again. 

A new lower section of the osci l la tor-rod drive shaft is being 
fabricated. It incorporates labyrinth instead of bellows seals . When fabri­
cation is complete, the modified lower section will be attached to the existing 
upper section. 

(iii) Engineering Consultation (O. S. Seim, J . A. Pardini , 
T. E. Sullivan, and E. C. Filewicz) 

Last Reported: ANL-7518, p. 45 (Nov 1968). 

(a) Model RRR Dummy Control Rod. The continuing study 
to provide improved dummy control rods for reactor-kinet ics experiments 
has resulted in a revised configuration that should reduce the effective time 
of reactivity removal. The Model RRR (for "rapid reactivity removal") 
stainless steel control rod for rod-drop tests is s imilar to the Model IHE 
dummy control rod except that it has a sodium-filled gap between the lower 
shield and the 19-element rod bundle, a 5-in.-long stainless steel follower 
below the bundle, and a 3-in. shorter tube bundle that has been ra ised 
5-|- in. This modification provides a configuration that has an 11-in. gap 
between the upper shield and the tube bundle, a 9-in.-long tube bundle, a 
2-in. gap between the tube bundle and the follower, and a 3-|--in. gap between 
the follower and the lower shield. Because this configuration will require 
less cooling, the hole size in the orifice plate is being reduced to provide 
approximately 2 gpm of internal flow. 



f. New Subassemblies Design and Experimental Support 
(E. Hutter) 

(i) Irradiation Subassemblies (O. Seim and W. Ware) 

Last Reported: ANL-7553, pp. 43-45 (Feb 1969). 

(a) Mark E6l . Hydraulic flowtests of the Mark-E6l sub­
assembly were performed to determine the character is t ics of p re s su re 
drop versus flow. The tests were made in the stainless steel p ressur ized-
water loop, and data were collected for reactor row positions 1 through 5. 
The data obtained from the tes ts , based on a reference 67-subassembly 
core, are presented in Table I.D.18. Table I.D.19 shows the reference 
values of flow versus p ressu re drop for a standard EBR-II core subassembly. 

TABLE I .D.18 . R e s u l t s of F lowte s t 
of Marl<-E61 I r r a d i a t i o n 

Subassennbly 

R e a c t o r Effect ive P r e s s u r e Sodium F l o w r a t e 
Row Drop (psi) at 800°F (gpm) 

1, i 
3 
4 
5 

38 
39 
34.5 
34 

TABLE I.D.19. Reference Values of 
Flow vs P r e s s u r e Drop for an EBR-I] 

Standard C o r e Subas sembly 

Reac tor Effective P r e s s u r e Sodium Flowrate 
Row Drop (psi) at BOO'F (gpm) 

139 
123 
93.5 
78 

93 
88 
72 

63 

1, I 
3 
4 

5 

38 

39 
34.5 
34 

Fabrication of new nonstandard hardware for two 
Mark-E6l subassemblies was started. 

(b) Mark J37. A 37-eleinent model of the Mark-J sub­
assembly was designed. The model is identical to the Mark J19 (see 
P rog re s s Report for October 1968, ANL-7513, p. 64) except that it has 
0.250-in.-OD elements wrapped with 0.040-in.-OD spacer wire and a five-
bar grid assembly. The five-bar grid assembly is the same as that for the 
Mark-H37 subassembly. All hardware used in the Mark J37 was designed 
previously and can be fabricated from existing drawings. 

The principal feature of the Mark-J ser ies of sub­
assemblies is the argon-gas insulating plenum between the inner and middle 
hex tubes at the core-region elevation. This insulation reduces conductive 
heat losses radially from the experimental fuel pins and provides a more 
even temperature distribution in the element bundle. 

Flowtests will be performed to confirm proper coolant 
flow at the effective p re s su re drops through the subassembly for various 
row positions of the reactor core . 

(c) Mark Kl . Pre l iminary layouts have been made for a 
proposed high-temperature (-1350°F) mater ia ls -survei l lance subassembly. 



The initial purpose of this subassembly is to obtain corrosion data for var i ­
ous types of stainless steels in flowing, high-temperature sodium under 
actual reactor conditions of sodium quality and irradiat ion environment. 
Creep and rupture tests also may be performed la ter . 

To obtain the high sodium tempera ture in the section 
holding the test specimens, 0.1-0.5 gpm of the normal coolant flow will be 
orificed into a preheater section at the lower end of the subassembly. The 
preheater section consists of a thick-wall, i f - i n . - O D x 5/8-in.-ID, Type 304 
stainless steel cylinder enclosed in a 2-in.-OD x l ^ - in . - ID evacuated or 
inert-gas-fil led outer cylinder. The gas space will reduce conductive heat 
loss from the inner cylinder. The preheater section extends upward past 
the top of the core region to within 6 | in. of the bottom of the top fixture. 
The test section is located in the top 20 in. of the heater to take maximum 
advantage of the r ise in sodium temperature . 

The test section is a l /2- in . -OD x l /4 - in . - ID tube on 
which several rings of the various mater ia ls being tested are stacked. The 
temperature of the hot sodium flowing over the surface of these test samples 
will be monitored by approximately ten temperature sensors , each ~2 in. long, 
stacked inside the tube. Each sensor will indicate the tempera ture of the 
test material at that part icular elevation. Thus, a t empera ture profile may 
be plotted against the corresponding corrosion rates of the test samples . In 
addition to the corrosion rates , data on heat generation in s t ructura l mate­
rials at various locations in the reactor may be obtained to aid in making 
physics calculations. 

To reduce the subassembly outlet tempera ture to an 
acceptable level, the hot sodium effluent will be mixed with the cold (-•735°F) 
bypass flow in a mixer section located at the top of the test section. The 
effects of p ressure drop, flow velocity, and estimated heating ra tes must be 
calculated to give a mixed-sodium outlet tempera ture at the top of the sub­
assembly that is within ±100°F of the outlet t empera tures of adjacent 
subassemblies, 

g. Instrumented Subassembly (E. Hutter and A. Smaardyk) 

(i) Capsule-heating Test (C. Divona and R. Brubaker) 

Not previously reported. 

When an inst rumented-subassembly capsule (or any other 
sodium-bonded fuel element) is heated so that bond melting begins at the 
bottom (or dead end), expansion of the molten sodium is likely to cause a 
pressure buildup within the capsule. A test has been performed to de ter ­
mine what effect, if any, this p r e s s u r e buildup would have on the capsules . 
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This t e s t was p e r f o r m e d wi th two t e s t c a p s u l e s that w e r e 
f a b r i c a t e d to the exac t s p e c i f i c a t i o n s of the p r o t o t y p e c a p s u l e s for the in-
^ ^ _ _ ^ ^ ^ s t r u m e n t e d s u b a s s e m b l y . Before t e s t i n g , the o u t s i d e 
^ ^ 1 I ^ ^ 1 d i a m e t e r of the c a p s u l e s was m e a s u r e d at 20 p l a c e s 
^ ^ B I ^^M a long the l eng th of the s o d i u m bond. After the m e a -
^^M I ^^M s u r e m e n t s w e r e m a d e , the c a p s u l e s w e r e r a d i o g r a p h e d 
^^M I ^^M (^ ig- f - D 1 2 is a p o r t i o n of one of t h e s e r a d i o g r a p h s ) . 
^ ^ B I ^ ^ H ^^ne C h r o m e l - A l u m e l t h e r m o c o u p l e s w e r e fixed along 
^^M I ^^M the l eng th of the c a p s u l e s , s even of t h e m along the 
^ ^ H I ^ ^ H length of the s o d i u m bond. 

The c a p s u l e s w e r e p l aced in a fu rnace so that 
the t e m p e r a t u r e g r a d i e n t d e c r e a s e d f rom the bo t tom 
to the top of the c a p s u l e . This a r r a n g e m e n t a l lowed 
the s o d i u m bond at the bo t tom to m e l t whi le that at the 
top r e m a i n e d so l id . Hea t ing r a t e s w e r e v a r i e d to m e l t 
the b o t t o m of the bond r ap id ly (in 2 m i n ) and s lowly 
(in 8-J- m i n ) . Bond m e l t i n g was cont inued unti l 80% of 
the bond was m e l t e d . When 80% m e l t i n g had o c c u r r e d , 
the c a p s u l e s w e r e r e m o v e d f rom the fu rnace and cooled 
in r o o m a i r . After cool ing, the c a p s u l e s w e r e e x a m i n e d 
and t h e i r ou t s ide d i a m e t e r s r e m e a s u r e d . The d i a m e t e r s 
w e r e the s a m e as the "as bu i l t " d i a m e t e r s . 

Fig. I.D.12 
Instrumented -subassembly 
Capsule before Heating 

After the m e a s u r e m e n t s had been t aken , a s e c ­
ond se t of r a d i o g r a p h s w e r e m a d e . F i g u r e I .D.I 3, a po r t i on of one of t h e s e 
r a d i o g r a p h s , shows that the i nne r c a p s u l e tube had been fo rced upward 
a p p r o x i m a t e l y 0.010 in. Subsequen t ly , the e n t i r e bond 
leng th was m e l t e d , a f ter which the i nne r >;apsule tube 
had r e t u r n e d to i ts o r i g i n a l pos i t i on . 

In a s econd t e s t , only the lower 20% 
of the bond was m e l t e d . After hea t ing , the c a p s u l e s 
w e r e r e m o v e d f r o m the f u r n a c e and m e a s u r e d while 
coo l ing . The o u t s i d e d i a m e t e r was m e a s u r e d at 290, 
270, and 200°F . In al l c a s e s , the c a p s u l e d i a m e t e r had 
i n c r e a s e d by 0.0005 in. When the c a p s u l e s had cooled 
to r o o m t e m p e r a t u r e , the o u t s i d e d i a m e t e r had r e ­
t u r n e d to i t s o r i g i n a l d i m e n s i o n . The d i a m e t e r in­
c r e a s e , t h e r e f o r e , is a t t r i b u t e d to the n o r m a l t h e r m a l 
e x p a n s i o n of the c a p s u l e m a t e r i a l . 

T h e s e t e s t s i nd i ca t e that no d e f o r m a ­
t ion of the i n s t r u m e n t e d - s u b a s s e m b l y c a p s u l e or e l e ­
m e n t tube o c c u r s when the s o d i u m bond is m e l t e d f r o m 
the b o t t o m . In i t i a l m e l t i n g at the bo t tom, h o w e v e r , Fig. LD.13 
d o e s c a u s e a t e m p o r a r y d i s p l a c e m e n t of the e l e m e n t Instrumented-subassembly 
t u b e . Capsule after Heating 



h. Process Chemistry (D. W. Cissel) 

(i) Sodium Coolant Quality Monitoring and Control 
(W. H. Olson, C. C. Miles, E. R. Ebersole , G. O. Haroldsen, 
and T. P. Ramachandra) 

Last Reported: ANL-7561, pp. 31-36 (March 1969). 

(a) Radionuclides in Sodium. The resul ts of analyses for 
•"Cs and " ' I in primary sodium are listed in Table I.D.20. The present 
level of "Na is ~3.2 x 10" i C i / 

Sample 
Date 

3/10/69 
3/14/69 
3/27/69 
4/1/69 
4/9/69 
4/14/69 
4/18/69 

( ) i 

TABLE I.D.20 ' " C s and 

' " C s 
3 i /gx i0^ ) 

1.3 
1.3 
1.4 
1.5 
1.3 
1.2 
1.3 

131j 

(MCi/g) 

<4.2 x 10"' 
<3.0 X 10"^ 

3.9 X lO"'̂  
3.2 X 10"^ 
1.9 X 10"* 
4.8 X 10"* 
3.0 X 10-" 

^'l in P r imar 

Sample 
Date 

4/22/69 
4/28/69 
5/2/69 
5/7/69 
5/12/69 
5/16/69 

y Sodium 

' " C s 
(nCi/gxlO^) 

1.2 
1.2 
1.2 
1.4 
1.3 

' " I 
(fiCi/g) 

3.5 X 1 0 " " 
2 . 4 X 10"* 
2.2 X 1 0 - " 
2.0 X 10"" 

1.6 X 1 0 - " 
2.7 X 1 0 - " 

The results of analyses for radionuclides in secondary 
sodium are listed in Table I.D.21. The only radionuclide found was Na. 

Saturation activity of ^*Na in secondary sodium 
TABLE I.D.21. "Na in Secon­

dary Sodium 

Sample 
Date 

3/26/69 
4/23/69 

"Na 
(MCi/g) 

1 
6.5 

10-
10-

/ith the reactor at 50 MWt is ~3 x 10" M Ci/g. 

(b) Trace Metals in Sodium. The r e ­
sults of analyses for trace metals in sodium 
are listed in Table I.D.22. Metal concentrations 
were determined by atomic-absorption 
spectrophotometry. 

TABLE I.D.22. Trace Metals in Sodium (ppm) 

Sample 
Date Al P b 

P r i m a r y Sodium 

3/10/69 
3/14/69 
4/1/69 
5/2/69 

2/17/69 
3/16/69 
4/15/69 

<0.9 

<0.6 

<0.3 
<0.3 
<0.3 

1.4 

2.1 

<0.3 
<0.3 
<0.3 

<0.03 

<0.03 

<0.01 
<0.01 
<0.03 

<0.04 

<0.08 

<0.04 
<0.04 
<0.1 

0.09 
0.08 

<0.04 0.08 0.25 

Secondary Sodium 

0.04 
0.05 

0.2 0.1 1.0 

<o.oi <o. i 11.0 16.2 

0.02 0.09 10.7 19.4 

0.04 0.1 0.3 <1.3 <0.01 
0.02 0.1 0.4 <1.3 <0.04 
0.03 0.3 0.65 <1.0 0.03 



Investigation continued into the recovery of metallic 
impurit ies from residues of vacuum-disti l led sodium. About 1 0 g of 
secondary sodium were spiked with small amounts of t race metal salts, 
and the distillation residue was taken up in an HCl-alcohol medium for 
atomic-absorption analysis . The resul ts of the analysis are shown in 
Table I.D.23. Calcium and magnesium showed er ra t ic recovery, possibly 
due to contamination. Zinc and cadmium were lost during distillation. 

TABLE I.D.23. Recovery of Trace Metals from Vacuum-distillation 
Residues of Sodium (~10-g sample) 

Metal 

Bi 
Ca 
Co 
Cr 
Cu 
F e 
Mg 
Mn 
Ni 
P b 
Sn 

PPM Add 

Test 1 

1.08 
0.435 
0.40 
0.20 
0.40 
0.40 
0.20 
0.08 
0.40 
1.25 
4.15 

ed 

Test 2 

0.54 
0.435 
0.20 
0.20 
0.20 
-

0.08 
0.04 
0.20 
0.65 

10.45 

PPM R 

Test 1 

1.19 
0.39 
0.5 
0.20 
0.46 
0.46 
0.32 
0.09 
0.04 
1.25 
4.15 

ecovered 

Test 2 

0.50 
0.66 
0.21 
0.15 
0.20 

-
O.ll 
0.04 

-
0.60 

10.7 

A 43-g sample of pr imary sodium taken on 4/9/69 in 
a tantalum crucible was vacuum distilled'in the laboratory. Results of 
atomic-absorption analysis of the residue are listed in Table I.D.24. 

TABLE I.D.24. Trace Metal Impurities in Vacuum-distillation 
Residue of 43-g Sample of P r imary Sodium 

Metal 

Al 
B i 
Co 
C r 
Cu 
F e 

Concentration 
(ppm) 

<0.14 
2.15 (± 10%)^ 

<0.047 
0.023 (±30%)^ 
0.051 (±20%)a 
0.09 (±10%)^ 

Metal 

Mg 
Mn 
Mo 
Ni 
P b 
Sn 

Concentration 
(ppm) 

0.035 (+ 20%)3 
<0.01 
<0.07 
<0.012 
12.7 (±10%)a 
14.0 (± 10%)a 

Estimated e r ro r for this sample only. Does not include 
sampling e r ro r . 



(c) Oxygen in Sodium. The r e s u l t s of a n a l y s e s for oxygen 
in sod ium by the m e r c u r y - a m a l g a m a t i o n m e t h o d a r e l i s t e d i n T a b l e I . D . 2 5 . 
Oxygen c o n c e n t r a t i o n s d e t e r m i n e d wi th p lugging i n d i c a t o r s a r e a l s o l i s t e d 
in the table for c o m p a r i s o n . Solubi l i ty of oxygen in s o d i u m is t a k e n f r o m 
A I - A E C - 1 2 6 8 5 (Atomics I n t e r n a t i o n a l ) . 

T A B L E I .D .25 . Oxygen Conten t of Sod ium 

Sample 
Date 

4 / 1 / 6 9 

3 / 2 5 / 6 9 

No. of 
Al iquots 

3 

6 

(d) Carbon 

A v e r a g e 
C o n c e n t r a t i o n 

(ppm) 

P r i m a r y Sodium 

5.5 ± 2.6 

S e c o n d a r y Sodium 

7.5 ± 2.3 

. in Sodium. R e s u l t s of 

Oxygen E q u i v a l e n t 
of P lugg ing Run 

(ppm) 

a n a l y s e s 

< 0 . 5 

< 0 . 5 

for c a r b o n i 

sod ium a r e l i s t ed in Tab le I .D.26 . C a r b o n is d e t e r m i n e d by the oxyac id i c 
flux me thod . 

T A B L E I .D.26 . C a r b o n Con ten t of Sod ium 

A v e r a g e 
No. of C o n c e n t r a t i o n 

Sample Al iquo ts (ppm) 

P r i m a r y Sod ium 

4 / 1 / 6 9 2 1.3 + 0.1 

S e c o n d a r y Sod ium 

3 / 2 5 / 6 9 6 2.4 ± 0.8 

(e) T e s t of UNC Oxygen M e t e r . Two Uni t ed N u c l e a r (UNC) 
oxygen m e t e r s * a r e be ing t e s t e d in s t a t i c s o d i u m at 600°F . One is l o c a t e d 
in the h igh 7 - r a d i a t i o n field of the r o o m c o n t a i n i n g the p r i m a r y - s o d i u m cold 
t r a p . The o the r is in a n o n r a d i o a c t i v e a r e a . S ince the l a s t p r o g r e s s r e p o r t 
(ANL-7561) , the two p r o b e s have b e e n r e v e r s e d and the s e c o n d p r o b e is now 
in the 7 field. No change of s i g n a l due to 7 r a d i a t i o n h a s b e e n no ted . The 
7 field on th is p r o b e h a s e x c e e d e d 1000 R / h r for 42 days (as of 5 / 2 2 / 6 9 ) . 
E s t i m a t e d m a x i m u m ac t iv i ty wi th ^*Na s a t u r a t i o n a t 50 MWt i s ~10,000 R / h r . 

*These are not the probes that had been calibrated at ANL-IUinois for installation in the EBR-II secondary 
sodium system. They had been reported to be the same in ANL-7561, p. 35. 
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(f) H y d r o g e n and N i t r o g e n in C o v e r G a s . C o n c e n t r a t i o n s of 
h y d r o g e n and n i t r o g e n in the p r i m a r y and s e c o n d a r y a r g o n c o v e r - g a s s y s t e m s 
a r e s u m m a r i z e d in T a b l e I .D .27 . 

Hz 

T A B L E I .D .27 . H y d r o g e n and N i t r o g e n in P r i m a r y and 
S e c o n d a r y A r g o n C o v e r - g a s S y s t e m s (ppm) 

P r i m a r y 

High Low A v e r a g e 

132 0 
7,000 4 ,400 

S e c o n d a r y 

High Low A v e r a g e 

A p r i l 

16 28 0 
5,100 14,800 4,000 

7 
8 .300 

Hz 
Nz 

200 0 
9 ,000 4 ,600 

May 

12 
6,700 

4 0 
7,000 5,200 

4 
5,900 

i- E x p e r i m e n t a l I r r a d i a t i o n and Tes t i ng (R. N e i d n e r ) 

(i) E x p e r i m e n t a l I r r a d i a t i o n s 

L a s t R e p o r t e d : A N L - 7 5 6 1 , p . 37 ( M a r c h 1969). 

Tab le I .D.28 shows the s t a t u s of the e x p e r i m e n t a l s u b ­
a s s e m b l i e s in E B R - I I as of May 15, 1969.« New e x p e r i m e n t a l s u b a s s e m b l i e s 
loaded into the g r id for Runs 33B and 34A w e r e X018A, X042A, X 0 5 4 , X 0 5 6 , 
X 0 5 8 , X 0 5 9 , XO60, X 0 6 1 , and X 0 6 6 . S u b a s s e m b l i e s app roved for i r r a d i a t i o n 
s i n c e the s t a r t of Run 34A a r e : 

Subassembly Assigned Capsule or Element 
Number Position Content and No. of Each ( ) 

X062 

X064 

X067 

6 F 2 

4 F 2 

4A3 

Series F9B--UOj-25 w/o PuOj (37) 

Series F5--UO2-20 w/o PuOj (19) 

Weldment Materials 
Insulator Materials 
Structural Materials 
Structural Materials 

Experi­
menter 

GE 

GE 

PNL 
ORNL 
ORNL 

( 4) 
{ 1) 
( 1) 
( 1) GE (NSP) 

Approximate 
Burnup Goal 
(fuels--a/o) 

(nonfuels--nvt x IQ-") 

5.3 

10.5 

0.7 



TABLE I.D.28. Status of EBR-II Experimental Irradiat ions as of May 15, 1969 

Subassembly No. 
and 

(Position) 

XGIB 

I7D1I 

XG04 
(TBI) 

XAOS 
(4FZI 

X012 

I4B2I 

X018A 
ME2I 

X019 
liDZI 

X020 

(6B5I 

X021B 

(201) 

X027 

MB3> 

X032 
(6E5) 

X033 
( :E2 ) 

X034 

(2F1I 

X035 
(7B4) 

X036 
(7E1I 

X038 
(7C5I 

X040 

ISB2I 

X041 
(7A3I 

X042A 
(7DSI 

X043 
(4021 

X044 

(7A1I 

X050 
(4C2I 

X051 

I3A2> 

X053 

Date 
Ctiarged 

7/16/65 

7/16/65 

12/13/65 

8/10/66 

4/23/69 

1/13/67 

1/13/67 

2/23/69 

11/21/67 

11/22/67 

12/22/67 

4/13/68 

4/13/68 

7/25/68 

5/7/68 

8/14/68 

7/24/68 

4/2/69 

2/20/69 

9/28/68 

2/23/69 

12/16/68 

11/27/68 

Capsule Content and No. 
of Capsules I ) 

tJO2-20 w/o Pu02 
Stainless DumTnies 

UO2-20 w/o PUO2 
Stainless Dummies 

UC-20w/oPuC 

Structural 
Structural 

1103-20 w/o PUO2 

Ttiermocouple 

Structural 
Structural 

UO2-2OW/0PUO2 
UC-20 w/o PuC 
Structural 
Graptiite 

UO2-PUO2 
UC-20 w/o PuC 
Structural 
Structural 

Graptiite 

Structural 

UO2-25 w/o PUO2 
Structural 

U02-25w/oPu02 

00-20 w/o PuC 

Structural 

Structural 

UO2-25 w/o Pu02 

Structural 

UO2-20 w/o Pu02 

U02-25w/oPu02 

Structural 

B4C, Ta 

UO2-25 w/o PUO2 

Oxide Insulator 

UO2-2OW/0PUO2 

U02-28 w/o PUO2 
UO2-20 w/o PUO2 

UC-18w/oPuC 
Structural 

U02-25w/oPu02 

Mark II 

1 21 

(171 

( 21 
1171 

( 81 

( 91 

121 

(191 

1 2) 
( 21 

( 31 

1 7) 
1 31 

( 81 
( 11 

1 91 
1 3) 
( 41 

( 21 

( 11 

1 71 

118) 

( 1) 

119) 

119) 

1 7) 

( 7) 

(19) 

( 71 

(19) 

116) 

1 7) 

1 7) 

137) 

( 11 

( 41 

(41 
( 5) 

( 2) 
( 4) 

(37) 

137) 

Experi­
menter 

GE 

GE 

ANi 
ANL 
GE 

NUMEC 

PNL 
ANL 
GE 

GE 
UNC 
PNL 
PNL 

GE 
UNC 
PNL 
ANL 
PNL 

PNL 

GE 
PNL 

PNL 

UNC 

ORNL 

ORNL 

GE 

INC 

ANL 
GE 

PNL 

PNL 

GE 

LASL 

GE 
GE 
ORNL 
W 
GE 

PNL 

ANL 

Accumulated 

Exposure 

(MWd) 

21.624 

21,624 

17.794 

14,394 

848 
11,594 

11,174 

11,587 

10,988 

8,910 

9,213 

8,057 

8.439 

8,022 

6.308 

7.513 

5,598 

5,974 

5,787 

2,024 

4,649 

2,024 

2,569 

3,421 

Estimated 

Goal 
Exposure 

IMWd) 

23,300 

45,000 

20,700 

21,400 

2.700 

22.900 

13.000 

13,000 

23,200 

7,700 

11,900 

10,900 

14,800 

44,800 

33,300 

17,700 

7.000 

16,700 

25,000 

5,500 

8,100 

7,500 

16,400 

3,800 

Burnup^ 

5.6 

5.6 

10.5 
7.9 
7.9 

8.4 

0.3 
5.0 

5.0 

4.6 
5.1 
3.1 

3.1 
4.8 

5.2 

3.2 
3.2 
3.2 

4.4 

5.1 

4.1 

3.8 

4.0 

3.9 

2.0 

17 

1.7 

2.7 
2.9 

13 

1.2 

11 

0.8 

1.1 • 7.7* • 8.8 

11 
11 
11 

0.7 t 5.3 ' • 6.0 

0.5 

1 8 + 2.^ • 4.1 
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TABLE I.D.28 IConld.) 

Subassembly No. 

and 
(Position) 

X054 

I4E1) 

X055 

(6A4) 

X056 

I5C2I 

X057 

(2B1) 

X058 
17F3) 

X059 

I4A1I 

X060 

(7C3) 

X061 
17A5) 

X066 

I4A3I 

Date 

Ctiarged 

3/31/69 

2/23/69 

4/3/69 

2/23/69 

4/24/69 

4/23/69 

4/V69 

4/23/69 

4/24/69 

Capsule Content and No. 

of Capsules ( I 

U02-25 w/o Pu02 

UC-15w/oPuC 

U02-25 «/o Pu02 

Structural 

UO2-25 w/o Pu02 

U02-25w/oPu02 

Structural 

Structural 

/ttork lA 

(37) 

119) 

(37) 

1 71 

(37) 

1371 

( 71 

( 71 

( 21 

Experi­

menter 

PNL 

UNC 

GE 

PNL 

GE 

PNL 

INC 

INC 

ANL 

Accumulated 

Exposure 

IMWd) 

1.424 

2.024 

1.424 

2.024 

848 

848 

1.424 

848 

848 

Estimated 

Goal 

Exposure 

(MWd) 

lOODO 

20.000 

10.600 

15.000 

16.000 

17.500 

5.400 

18.0CD 

1200 

Burnup* 

QlS 

06 

07 

08 

13 

13 

as 

0.2 

0.2 • 3.4" • 3.6 

^Approximate accumulated center burnup on peak rod (fuels-a/o; nonfuels-nvt x 10-221, 
••Previous exposure from another subassembly. 

The following two experimental subassemblies were removed 
from the grid after Runs 33A and 33B: 

Subassembly From Capsule or Element 
Number Position Content and No. of each ( ) 

7F3 Series FO--UO2-2O w/o PuO; ( 4) 
Structural Materials • (11) 
Structural Materials ( 4) 

4A2 Series B--UO2-20 w/o PuOj (11) 
Series F7--UO;-20 w/o PuO; ( 2) 
UC-20 w/o PuC ( 4) 
Mark lA (Metal) ( 2) 

Experi­
menter 

CE 
ANL 
PNL 

NUMEC 
GE 
ANL 
ANL 

Approximate 
Burnup Goal 
(fuels- -a/o) 

(nonfuels--nvt x 10"") 

5.7 
3.8 
3.8 

5.8 
5.5 
5.9 
3.4 (peak) 

Postirradiat ion neutron radiography of the 1 1 NUMEC 
capsules from Subassembly X015 disclosed thatCapsule Bl l contained a 
failed element. This indicated failure is the eleventh indicated and/or 
confirmed failure of an encapsulated element in EBR-II since the initiation 
of the experimental irradiation program in May 1965. Table I.D.29 sum­
mar izes these failures. 

(ii) Handling and E.xamination (D. W. Cissel) 

(a) Profilometry. Several different techniques for obtaining 
the profile of irradiation specimens have been investigated. The techniques 
that appear to be most attractive are the electro-optical system, optical-
mechanical system, and electro-mechanical system. 



TABLE I.D.29. Fuel-element Failures in the EBR-ll Experimental Program 

Subassembly 
No. 

X009 

XG06 

X O l l 

XG05 

X028 

X017 

X015 

^Failure Type: 

A Small gas 

Date 
Discharged 

11/66 

2/67 

6/67 

3/68 

5/68 

8/68 

4/69 

leak through 

Capsule 

UNC-78 

F2F 

F4D 
F4F 
HOV-4 
HOV-10 

F20 
NIVIV-11 

BC02 

UNC-89 

B-11 

cladding wall. 

Sponsor 

UNC 

GE 

GE 
CE 
ANL 
ANL 

GE 
ANL 

ANL 

UNC 

NUIVIEC 

Fuel Type 

UC-20 PuC 

U02-20 Pu02 

UO2-2O PUO2 
UO2-3O Pu02 
UO2-2O PUO2 
UO2-2O PUO2 

UO2-2O Pu02 
UC-PuC 

U-15 Pu-10 Zr 

UC-20 PuC 

UO2-2O Pu02 

Approx IVtax 
Power 
IkW/ft) 

28 

15 

16.6 
16.7 
22.4 
23.5 

15 
19.3 

9.5 

26.8 

13 

Average 
Burnup 

(a/o) 

2.7 

4.7 

3.3 
3.4 
3.3 
3.3 

6.5 
6.7 

0.9 

4.0 

5.4 

Cladding 

V-20 Ti 

INC-800 

INC-800 
INC-800 
HAST-X 
HAST-X 

347 SS 
Nb-lZr 

316 SS 

316 SS 

316 SS 

Failure 
Type^ 

A 

B 

A 
B 
B/C 
B 

B 
D 

B/C 

D 

B-1 

B Gross cladding failure. 
B-1 Cladding fracture assumed from neutron radiography only. 
C Additional gas leak through capsule wall. 
D Significant cracking of cladding wall, but not detectable with neutron radiographs. 

The electro-optical system has the potential of mea­
suring the profile of an element without the need for installing the detection 
equipment in the hot cell. The information is transmitted out of cell through 
light-transmitting elements in the biological shielding surrounding the cell. 

The principle of the optical-mechanical system is the 
use of a small beam of light as a weightless, pushless index stop. This 
system has been developed in concept only, but it appears to have the 
capability for measuring the profile of an element both accurately and 
rapidly. 

The electro-mechanical profilometer in the ANL 
Metallurgy Division has been inspected. This is one of the best e lec t ro­
mechanical systems in operation, but there are some features that are 
not compatible with FCF use. This system is being studied in detail to 
determine whether inspection of wire-wrapped elements can be made 
without a reference measurement. 

the following: 
Studies of fundamental limits in accuracy have shown 

1. Tube ovality of 0. 0002 in. can be expected. 

2. The diameter increase from decay heat can be as 
high as 0.0004 in. at the axial center of the core. 
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j - FCF Equipment Improvement (M. J. Feldman) 

'̂̂  P rocess Equipment (N. R. Grant, J. P. Bacca, and 
V. G. Eschen) 

Last Reported ANL-7561, pp, 37 and 39 (March 1969). 

The s tereomacroscope has been assembled in the mockup 
area of the Fuel Cycle Facility and is being checked out for acceptance. The 
position stage is being used to position capsules for checkout of the macro-
scope. The control system for the stage is being completed. 

k- Superheater and EM Pump Study and Test (R. A Jaross and 
E. Hutter) 

(i) Superheater Vibration Study (G. S. Rosenberg and 
M. W. Wambsganss) 

Last Reported ANL-7561, pp. 39-40 (March 1969). 

A final report on the s ta te-of- the-ar t evaluation of the 
potential for tube vibration in the EBR-II steam superheater and evaporator 
IS being prepared. 

1- Nuclear Instrument Test Facility Study (R. E. Rice) 

Last Reported ANL-7527, p. 64 (Dec 1968). 
« 

('•) Out-of-core Thimble Modification to Provide a Facility for 
Tests from 650/700 to 1200°F 

(^) Facility Design ( j . D. Cerchione, P. M. Long, and 
L. J. Christensen) 

A combined report covering the conceptual and p re ­
liminary system design descriptions on the EBR-II high-temperature, out-
of-core nuclear instrument test facility (NITF) was issued. The main 
function of the out-of-core NITF is to provide adequate space for testing 
experimental neutron detectors and cable in a high-level gamma-neutron 
environment at tempera tures up to 1200°F. Tables I.D.30 and I.D.31 list 
the design c r i t e r ia and engineering data, respectively, for this facility. 

The EBR-II J-2 thimble has been selected for location 
of the NITF because of its availability, large size, and the higher neutron and 
gamma fluxes that resul t from proximity to the reactor core. A plant modifi­
cation has been proposed to remove operational nuclear detectors from the 



J-2 thimble and make the thimble available for experimental use. When 
the thimble is available, measurements of tempera ture , neutron- and 
gamma-flux distribution, and neutron spectrum will be made. 

TABLE I.D.30. Design Criteria for Out-of-core 
Nuclear Instrument Test Facility 

Location 
Thimble Length, ft 
Thimble OD, in. 
Oven Length, ft 
Oven ID, in. 
Length of Cable Test Section, ft 
Cable Outlet Space 
Length of Detector Test Section, 
ID of Detector Test Section, in. 
Temperature Range, °F 
Gamma Flux, Max, R/hr at 62.5 MWt 
Gamma Flux, Max, R/hr (10 sec after shutdown 

from 62.5 MWt) 
Neutron Flux, Max, nv at 62.5 MWt 

ft 

EBR-II J-2 thimble 
28 
15 
19.5 
7.1 
13 
Three 1.5-in. conduits 
6.5 
6.1 
700 to 1200 ± 20 
~1 X lO' 

~8 X 10* 
~8 X 10'° 

TABLE I.D.31. Engineering Data for Out-of-core 
Nuclear Instrument Test Facility 

Heater Type 

Heat Density 

Heater Design 

Oven Insulation 

Total Power Required 

Steady-state Heat Loss 

Voltage 

Heater Control 

Instrumentation 

Alarms 

Coolant Air 

Supplementary Source 

Vertical Actuation 

Heatup Time (700 to I200°F) 

Watlow Firebar strip heaters 

8 w/in. 
Four vertical zones; nine heaters per zone; 
three 3-heater circuits per zone consisting of 
one heatup circuit, one steady-state circuit, 
and one spare circuit 

Laminations of stainless steel with mineral 
fiber and/or air gaps 

10 kW 

2 kW 

250 V dc 

Variable 

Thermocouple throughout facility 

High- and low-temperature for each oven 
zone; high-temperature shutdown for each 
oven zone 

20- to 50-cfm for detector-cable cooling 
at oven outlet 

None required 

None required 

One heater circuit per zone--10 hr; two 
heater circuits per zone--5 hr 

Cooldown Time, Avg (1200 to I000°F) IO°F/hr 



, . , ^ se r ies of gamma-flux measurements was recently 
X / r .t f ^ " " ' " ' ' ' ' ' " ' ^ ' ' - ^ W-^ ' - g> ^° - e WL-23152 chamber was 
placed in the J-2 c a r r i e r and located at approximately the core horizontal 

r ' f l o r a r " t ?"""• '^''" ™ — d gamma flux is plotted as a function 
of operating time at various power levels in Fig. LD.14. Gamma decay 
b u u T r f " ^ ' ! r "T""" ^"'^ ^ "^"^ '"^ shutdown is plotted along with 
buildup of gamma flux after reactor startup. The maximum gamma flux 
measured was about 1.0 x 10^ R/hr with reactor power at 50 MWt Im­
mediately after reactor shutdown, the gamma flux dropped to 3.2 x 10* R/hr 
and rapidly decayed to 5 X 10^ R/hr in 24 hr. 

. , , , "^^^ ^ instrument thimbles in EBR-U enter the pr imary 

oenet T T ^ " ' ' ° " ' ' ' "• ' ' ^ " ' ''°^" "^^""S'^ *^^ P ^ ^ - ^ V Sodium, and 
penetrate the r eac to r -vesse l neutron shield. The bottom end of each J 
thimb e res t s in a bracket fastened to the outside of the reactor vessel 
Cornplete removal and replacement of a J thimble would be a difflcult task, 
nstead of replacing the J-2 thimble, the top flange and all internals of the 

thimble, including the temperature-l imit ing aluminum baffles, will be r e ­
moved. Following removal of the thimble internals, the new NITF will be 
installed as shown in Fig. I.D. 15. 

„ ,, The NITF will consist of: (1) a new assembly of the 
top flange and inser t tube; (2) an oven-sleeve assembly; and (3) an assembly 
of the top shield plug and detector c a r r i e r . The top support flange and 
outer tube of the J-2 thimble will remain in place to house the NITF The 
overall length of the thimble is about 28 ft. The lower portion, which is 
irnmersed in the 700»F pr imary sodium, ^s a 15-in.-OD stainless steel 
tube. The thimble's support flange is bolted to a flanged nozzle attached to 
the top cover of the EBR-II pr imary sodium tank. The upper 8 ft of the 
thimble and plug assembly consists of a heavy radiation shield made of 
concrete and steel balls. 

re 
Dne 

C)"«̂  °*' 'he design cr i ter ia for the high-temperatur 
NITF is the minimizing of the length of the temperature transition zone 
just above the oven. The existing thimble-cooling system will be utilized 
to reduce the temperature of experimental cables from 1200°F to <300°F 
in a minimum space. Cooling air will be drawn down through the cable 
outlet conduits in the shield plug to a small, well-insulated plenum located 
at the top of the 1200°F oven. Air flow will then be directed back up through 
three conduits to the top flange of the shield plug, where it will be piped 
into the existing EBR-II thimble-cooling system. 

Another important cr i ter ion for the NITF is the capa­
bility for removing one or more experimental detectors from the c a r r i e r 
and inserting them in the c a r r i e r soon after its removal from the thimble 
In the present EBR-fl thimble design, an aluminum c a r r i e r is utilized to ' 
reduce greatly the radioactivity of the s t ructure . Because of the 1200°F 
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oven temperatures , however, the new NITF c a r r i e r must be constructed of 
stainless steel. This mater ia l may be highly radioactive on removal, thus 
prohibiting close access . A search for a high-temperature mater ia l with 
low activation was unsuccessful. The design for holding detectors in the 
new NITF car r ie r will allow removal and insertion of detectors from a 
distance with long-handled gripper tools. 

The 19.5-ft-long detector and cable oven will be an 
independent assembly that will remain in the J-2 thimble semipermanently. 
Four independently controlled vert ical heater zones will provide uniform 
temperatures throughout the oven. High-temperature insulation, consisting 
of laminated stainless s tee l -minera l fiber and/or air gaps, will enclose the 
entire detector and cable oven. Heaters and insulation will be arranged so 
that all high-temperature areas of the facility will be limited to the central 
part of the thimble. 

Temperatures throughout the axial length of the detector 
and cable oven will be monitored at intervals of 2 to 3 ft. Representative 
thermocouples in each of the four zones will control hea ters , and provide 
high- and low-temperature a larm signals and high-temperature shutdown 
signals. Additional thermocouples will monitor temperatures outside the 
insulation below, around, and above the oven, as well as near the top plug 
and the area of the primary-tank cover. 

A limited space will be available near the top of the 
instrument thimble, on or just below the EBR-II reactor-building operating 
floor, for preamplifiers, cables, etc. The res t of the control, instrumenta­
tion, and experimental equipment will be located in the new test instrument 
room in the reactor building. 

m. Feasibility Study of Fuel Failure Detection--Chemical and 
Mechanical Methods 

(i) Trace Elements Analtyical Techniques (C. E. Crouthamel) 

Last Reported: ANL-7561, pp. 41-42 (March 1969). 

Work is continuing on a tagging method for the detection 
of fuel failure, based on the use of mixtures of antimony and gold. The 
number of tags that can be manufactured from '^'Sb and "^Au will depend 
in part on the stability of the activation products '^^Sb and ''^Au in the 
primary sodium coolant. Instability would resul t in a change in the 

Sb/ Au activity ratio of a tag. If these instabilities a re minor (<10%), 
they can be dealt with by suitable spacing of the weight rat ios; gross in­
stabilities could eliminate this tagging method from further consideration. 
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,, ^ " e x p e r i m e n t i s be ing p l a n n e d to ob ta in s t a b i l i t y da t a on 
the a n t i m o n y - g o l d t ags in the p r i m a r y s o d i u m s y s t e m of E B R - I I P r e s e n t 
InT/- T V Z ' " " ' " " g m i l l i g r a m q u a n t i t i e s of p r e a c t i v a t e d a n t i m o n y and 
gold into E B R - I I s o d i u m and s u b s e q u e n t l y d e t e r m i n i n g the ' " s b / ' ^ A u ac t iv i tv 
r a t i o in s a m p l e s of the p r i m a r y s o d i u m . The d e g r e e of s t a b i l i t y wi l l be 

therlToltj T ^ T " ^ ' ^ ^ ' • ^ ' ' ° " ' ^ ' - - d - ' h the s o d i u m s a m p l e s wi th 
the r a t i o ob ta ined with an a n t i m o n y - g o l d c o n t r o l s a m p l e . The d e t a i l e d 
p r o c e d u r e for th i s e x p e r i m e n t is be ing e s t a b l i s h e d . 

cons t i t u t i ng t ^^'^ . ' " ^ g " " " ' ^ ^ °f the f a s t - c a p t u r e c r o s s s e c t i o n s of i s o t o p e s 
cons t i t u t i ng a tag is i m p o r t a n t in the e v a l u a t i o n of the tag a p p l i c a b i l i t y The 
ac t i v i t y l e v e l e x p e c t e d f r o m i r r a d i a t i o n of ' " A U in the E I R U was r e p o r t e d 
p r e v i o u s l y ( see A N L - 7 5 6 1 ) Al though a d e q u a t e e x p e r i m e n t a l da t a onThe f a s t -
to e s U ^ ^ L ^ ^ L ^ r f f " °t- ? ' ^'"'^ " " ^ ^ ^ ' ' ^ ' ^ - ^ " " ^ ^ - " ^ ^ - ^ - ^ - - ^ l a ' ^ l e 
Code * Th ' t ^ f " T " ° ' ' ' ' " ^ " " " ^ Zi'"' ' ^ ^ N E A R R E X C o m p u t e r 
Code . T h e s e c a l c u l a t i o n s w e r e m a d e for ' ^ ' s b . and the c a p t u r e c r o s s 
s e c t i o n s ob ta ined w e r e s u m m e d o v e r a t yp i ca l E B R - I I flux s p e c t r u m The 
r e s u l t s i n d i c a t e tha t the c a p t u r e c r o s s s e c t i o n of - ' s b i^ E B R - I wf l l ' be 
about 70 m b as c o m p a r e d to abou t 200 m b for "^Au. A c a p t u r e c r o s s 
s e c t i o n of 70 m b wiU p r o d u c e suff ic ient ' " S b to be d e t e c t a b l e 

t a p , rv,i<,ht K ^ P r e l i m i n a r y e v a l u a t i o n h a s r e v e a l e d tha t a n o t h e r s e t of 
t ag s m i g h t be c o n s t i t u t e d f r o m the i s o t o p e s ' " A U and " " P t . A m e t h o d b a s e d 

b i t of the - L / - ; r r : ; i o ° " T ; r - : ^ i<ientification w o u ^ be m a d e on t h l 
AU/ Au r a t i o . The Au is p r o d u c e d by the r e a c t i o n s 

- P t ( n , , ) - P t - ^ _ ^ - V , ( 3 . , 3 ; _ 
(31 min) ' ' 

Es t i^mat ions of the c a p t u r e c r o s s s e c t i o n of " " p t in E B R - I I , m a d e by the 
m e t h o d d e s c r i b e d above , i nd i ca t e a v a l u e of the s a m e m a g n i t u d e as that of 

Sb, n a m e l y , about 70 m b . 

One a t t r a c t i v e f e a t u r e of the p l a t i n u m - g o l d t agg ine m e t h o d 

of O M ' 1 ' ' ^ " ' ^ ^ " ; ; ° " ^^ ""^"^ ° " ' ^^ ""^-'^ °^ ' ^ ^ - " ° °^ tw'o ^ so tTpes of go ld . S ince no d i f f e r e n c e would be e x p e c t e d in the b e h a v i o r of the Two 
i s o t o p e s no a l t e r n a t i o n of the ' - A U / ' " A U ac t iv i ty r a t i o s would o c c u r as a 
r e s u l t of i n s t a b i l i t y . 

( " ) Sodium L o o p - - T a g C o n f l r m a t i o n Study ( j . T. H o l m e s ) 

L a s t R e p o r t e d : A N L - 7 5 5 3 , p . 49 (Feb 1969). 

I n s t a l l a t i o n and h e l i u m l e a k t e s t i n g of p ip ing for the «oH-
loop have b e e n c o m p l e t e d . Work is p r o c e e d i n g on ' t he 1 ^ 1 ^ on f hea te '^s 
and i n s u l a t i o n , and on the check ing of the i n s t r u m e n t a t i o n . 

*Moldauet, P. A.. Engelbrecht. C. A., and Duffy, G. J.. NEARREX. A Computer Code for Nuclear Reaction 
Calculaiioiis. ANL-6978 n364V "uciear Keacuon 



n. Materials-Coolant Compatibility (D. W. Cissel) 

(i) Examination of Reactor Par t s (W. E. Ruther, T. D. Claar, 
and S. Greenberg) 

Last Reported: ANL-7561, p. 43 (March 1969). 

(a) Secondary-system Piping. The inner surface of the 
section of vent line 2-31-549 was removed to a depth of 0.003 in., and the 
chips were analyzed for carbon and nitrogen. Chips from the center of the 
pipe wall were included as controls. Carbon was analyzed as 0.13 w/o m 
the surface cut and 0.06 w/o in the control. The corresponding values for 
nitrogen were 0.022 and 0.021 w/o. 

A very thin deposit, brushed off the inner surface of 
the pipe, was dissolved in 6N HCl, and the solution was spectrochemically 
analyzed. The major constiluents were found to be Fe, Cr, and Ni in the 
ratio of 20:4:1. The accuracy of the analysis was not adequate to decide 
if this was a meaningful deviation from the 9:2:1 ratio for Type 304 stainless 
steel. 

The results of this examination show that the piping 
appears to be in excellent condition with slight compositional changes limited 
to within 0.002 in. of the inner surface, which is in contact with the sodium. 

(b) Inconel Rupture Disc. The first of two rupture discs in 
ser ies on one of the headers of the secondary-sodium system of EBR-II 
leaked, allowing sodium to trip an a larm. The disc was perforated about 
3/4 in. up from the circumferential holddown ring, leaving a network of 
thinned metal and open areas , about 1/2 in. in diameter . When initially 
separated from its vacuum support and backup cover, the perforated area 
was covered with a hard, crusted corrosion product that had res t r ic ted the 
flow of sodium. Qualitative analysis of the crusted corrosion product r e ­
vealed no elements extraneous to Inconel. A rough check of the Curie tem­
perature for the disc mater ia l verified that it was Inconel. 

Microscopic ( t ransverse section) examination of the 
corroded network section in the as-polished condition indicated extensive 
intergranular penetration, cracking, and loss of •whole grains in most a r eas . 
In other a reas , the metal was rather smoothly corroded and showed little 
indication of intergranular penetration. The original perforation could not be 
pinpointed within the network area . Most of the attack on the metal occurred 
from the air side of the rupture disc. 

A microprobe analysis of the metal in the perforated 
area indicated a significant increase in the carbon content of the grain 
boundaries as compared with the uncorroded disc, substantiating a suggestion 
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made by C. R. Sutton that the Inconel was likely to have suffered embri t t le-
ment as a result of carbonaceous contamination--a drop of thread lubricant, 
for example--during assembly. 

It appears that the small initial perforation, possibly a 
crack, permitted sodium to react with the atmosphere on the outside of the 
disc, forming Na^O and NaOH. These compounds, in combination with the 
metallic sodium present, reacted with and cracked the disc metal around the 
original site. The fact is well-established that caustic solutions of more than 
92 w/o concentration will cause s t ress cracking of Inconel at elevated 
tempera tures . 

o. Study of Operation with Failed Fuel (R. R. Smith) 

(i) The Origin of the December 24, 1968, Fission-product 
Release (R. M. Fryer ) 

Last Reported: ANL-7548, pp. 38-39 (Jan 1969). 

Following the shutdown of the pr imary pump at the comple­
tion of Run 32B on December 24, 1968, a fission-product release occurred. 
The re lease was indicated by a gradual buildup of " 'Xe activity. Because no 
evidence of a step increase in activity was noted, the defect was at that tinne 
concluded to involve the slow extrusion of bond sodium that contained chemi­
cally fixed iodine species. These species, after their re lease to the p r imary-
coolant system, subsequently decayed to their respective xenon daughters. 

Control-rod Subassembly L462, previously identified as 
containing a fuel element with a cladding defect, was eliminated as a suspect 
because it had been removed from the core seven days ear l ie r . 

The time-dependent behavior of the "*Xe activity at the end 
of Run 32B has been i l lustrated graphically in Fig. I.E.2 on page 39 of 
ANL-7548. In that il lustration, a separation of the net re lease of ' "Xe on 
December 24 was effected by subtracting calculated values for the normal 

Xe activity (from tramp sources) from experimentally established data. 
An inspection of the shape of the buildup curve for the re lease of '^^Xe dem­
onstrates conclusively the existence of a bond-release mechanism. 

As an il lustration of the manner in which a bond re lease 
affects the shape of the time-dependent buildup curve for '^^Xe, experimental 
values of the Xe activity are compared in Fig. I.D. 16 with expected values 
for an instantaneous re lease of bond sodium and for a complete bond re lease 
that takes place over a period of 12 hr. 



1 0 0 

ACTUAL DATA CORRECTED 

FOR SAMPLING CONDITIONS 

CALCULATED DATA FOR 

INSTANTANEOUS LEAK, 

ENTIRE BOND, SINGLE PIN 

CALCULATED DATA FOR -

12-hr LEAK, ENTIRE B O N D , -

SINGLE PIN 

DATE IN DECEMBER 1968 

Fig-
135 I.D.16. Compaiison of Measuied Xe 

Activity with That Calculated 
for an Instantaneous and a 
12-hr Bond Leali 

T h e s i m i l a r i t i e s t h a t e x i s t b e ­

t w e e n t h e a m p l i t u d e s a n d s h a p e s of t h e 

a c t u a l a n d t h e 1 2 - h r b u i l d u p c u r v e s 

s u g g e s t t h a t t h e b o n d r e l e a s e w a s g r a d ­

u a l r a t h e r t h a n i n s t a n t a n e o u s . F r o m 

t h i s i n f o r m a t i o n a n d a k n o w l e d g e of 

c o o l a n t - p u m p p r e s s u r e , i t w a s c o n ­

c l u d e d t h a t t h e d e f e c t i v e e l e m e n t w o u l d 

r e f i l l w i t h s o d i u m p r i o r t o t h e n e x t 

r e a c t o r s t a r t u p w h e n t h e c o o l a n t p u m p s 

w e r e t u r n e d o n . 

B e c a u s e n o r e l e a s e of t h i s 

m a g n i t u d e a f t e r p u m p s h u t d o w n h a d 
b e e n n o t e d i n r u n s j u s t p r e c e d i n g 

R u n 3 2 B , t h e t e n t a t i v e c o n c l u s i o n w a s 

m a d e t h a t t h e d r i v e r s u b a s s e m b l i e s 

i n s t a l l e d i n t h e c o r e f o r R u n 3 2 B w e r e 

t h e m o s t s u s p e c t s o u r c e s . T h e s e s u b ­

a s s e m b l i e s w e r e C 2 0 0 8 , C 2 1 8 1 , C 2 1 8 2 . 

L 4 7 3 , a n d C 2 1 3 6 . 

S u b s e q u e n t l y , t h e x e n o n d a t a f r o m 

e a c h r e a c t o r s h u t d o w n f o l l o w i n g R u n 3 2 B 

w e r e a n a l y z e d f o r e v i d e n c e of f u r t h e r r e ­

l e a s e s . T h e c o n c l u s i o n s f r o m t h e s e a n a l ­

y s e s w e r e c r o s s c h e c k e d a g a i n s t r o u t i n e 

r e a c t o r f u e l - l o a d i n g c h a n g e s . 

T h e i m p o r t a n t d a t a a n d c o n c l u s i o n s c o l l e c t e d d u r i n g t h i s 

p h a s e c a n b e s u m m a r i z e d a s f o l l o w s : 

R u n 3 2 C . A t t h e s t a r t of t h i s r u n , C 2 1 3 6 w a s r e m o v e d 

f r o m t h e c o r e . P u r g i n g of t h e r e a c t o r c o v e r g a s a f t e r r u n s h u t d o w n p r e ­

v e n t e d a n y c o n c l u s i o n a s t o w h e t h e r t h e l e a k e r w a s s t i l l p r e s e n t . 

R u n 3 2 D . A s h o r t p u m p s h u t d o w n a t t h e e n d of t h i s r u n 

r e s u l t e d i n a s m a l l r e l e a s e . B e c a u s e C 2 1 3 6 w a s n o t i n t h e c o r e , i t w a s 

e l i m i n a t e d a s a s u s p e c t . A f t e r R u n 3 2 D , C 2 0 0 8 w a s r e m o v e d f r o m t h e c o r e , 

w h e r e a s C 2 1 8 1 , C 2 1 8 2 , a n d L 4 7 3 r e m a i n e d . 

R u n 3 3 A . A n a l y s i s of s h u t d o w n d a t a o n M a r c h 5 , M a r c h 1 2 , 

M a r c h 1 5 , a n d M a r c h 29 d i d n o t r e v e a l a r e l e a s e . F i g u r e I . D . 17 s h o w i n g 

t h e M a r c h 26 t h r o u g h M a r c h 29 x e n o n d a t a , i s p r e s e n t e d a s t y p i c a l of t h e 

R u n 3 3 A s h u t d o w n s . T h e v e r y c l o s e a g r e e m e n t b e t w e e n c a l c u l a t e d n o r m a l 

t r a m p x e n o n a n d t h e a c t u a l d a t a l e d t o t h e c o n c l u s i o n t h a t t h e l e a k e r w a s 

n o t i n t h e c o r e d u r i n g R u n 3 3 A . B e c a u s e C 2 1 8 1 , C 2 1 8 2 , a n d L 4 7 3 w e r e i n 
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DATE IN MARCH 1969 

the c o r e , they w e r e a b s o l v e d , 
and S u b a s s e m b l y C2008 b e c a m e 
the p r i n c i p a l s u s p e c t . 

Run 33B. F o r Run 33B, 
C2008 was i n s t a l l e d in c o r e 
p o s i t i o n 3E2 . A s c r a m shutdown 
of the r e a c t o r on A p r i l 18 and 
final shutdown on A p r i l ZZ, both 
fol lowed by p u m p shutdown, 
r e s u l t e d in ac t iv i ty r e l e a s e s . 
F i g u r e s I .D.18 and I .D.19, r e ­
s p e c t i v e l y , i l l u s t r a t e the xenon 
da ta t aken on t h o s e d a t e s . The 
net xenon ac t i v i t y f rom the 
l e a k e r is c l e a r l y ev iden t f r o m 
the i n f o r m a t i o n g iven in those 
f i g u r e s . 

After Run 33B, C2008 
w a s t r a n s f e r r e d to the Fue l 
Cycle F a c i l i t y for d i s m a n t l i n g 
and i n spec t i on . The e x p e r i e n c e 
with C2008 c o n f i r m s c a l c u l a t i o n s 
( s ee A N L - 7 5 4 8 , p . 39) tha t in ­
d ica ted that a M a r k - I A d r i v e r -
fuel e l e m e n t having a defec t at 

Fig.I.D.17. Comparisonof Measuredand Calculated l^^xe 
Activities during Run 33Ai No Leaker in Core 
(Run 33A, C2008 not in the core) 

the s p a d e end canno t unbond dur ing p o w e n o p e r a t i o n when the p r i m a r y 
coo l an t p u m p s a r e on. The f i s s i o n - p r o d u c t r e l e a s e f rom C2008 is r e g a r d e d 
a s a t yp i ca l e x a m p l e of a l o s s - o f - b o n d type of c ladding defec t . F o r such a 
defect , i o d i n e - r i c h bond s o d i u m is e x t r u d e d f rom the e l e m e n t as a r e s u l t 
of the s h a r p r e d u c t i o n in coo lan t p r e s s u r e that o c c u r s when the p r i m a r y 
p u m p s a r e t u r n e d off. 

p . D r i v e r F u e l T r a n s i e n t P e r f o r m a n c e S t u d i e s - - T R E A T 
E x p e r i m e n t s 

(i) M a r k lA Fue l T R E A T E x p e r i m e n t s (A. B. Ro thman) 

L a s t R e p o r t e d : A N L - 7 5 6 1 , p . 44 ( M a r c h 1969). 

The T R E A T t e s t s e r i e s with E l e m e n t B F 0 5 has been c o m ­
p l e t e d . P r i o r to T R E A T s tudy, the e l e m e n t , which had a n o m i n a l b u r n u p 
of 2.5 a / o , had swol l en to the r e s t r a i n e r cap . 

In T R E A T , the c ladding of E l e m e n t B F 0 5 fai led mi ld ly on 
the four th t r a n s i e n t a t about 860°C, a s o m e w h a t lower f a i l u r e t e m p e r a t u r e 
than tha t for E l e m e n t E34 ( s ee P r o g r e s s R e p o r t for J a n u a r y 1969, A N L - 7 5 4 8 
p . 55), the fuel e l e m e n t wi th 1.2 a / o b u r n u p . A flfth t r a n s i e n t wi th B F 0 5 
c a u s e d a m o r e s e v e r e c ladd ing f a i l u r e . 
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SATURATIf'*' LEVEL • 2.3 X 10-

O ACTUAL DATA 

/////////////////, 
SCRAM AT 0650 hr 
PUMPS OFF AT 0710 hr 

^ T 

DATE IN APRIL 1969 

, 135 Fig. I.D.18. Separation of the Xe Component Originating from a 
Sodium-bond Release on April 17, 1969, during Run 33B 

Fig. I.D.19. Separation of the Xe Component 
Originating from a Sodium-bondRelease 
on April 22, 1969, at End of Run 33B 

T h e t e s t c a p s u l e s f o r 

E l e m e n t s B F 0 5 a n d E 3 4 h a v e b e e n 

d i s a s s e m b l e d , a n d p o s t - t e s t e x ­

a m i n a t i o n of t h e p i n s a n d m o t i o n -

d e t e c t o r d a t a a r e i n p r o g r e s s . T h e 

h i g h t e m p e r a t u r e s of c l a d d i n g f a i l ­

u r e a n d p r e l i m i n a r y e x a m i n a t i o n 

of t h e p i n s s u g g e s t t h a t t h e m e c h a ­

n i s m of e x p a n s i o n of t r a p p e d 

s o d i u m m a y n o t b e a s e r i o u s 

c o n s i d e r a t i o n . T h e c l a d d i n g of 

E l e m e n t E 3 4 f a i l e d a t t h e f u e l 

m i d p l a n e i n a m a n n e r s i m i l a r 

t o t h a t i n p r e v i o u s t e s t s of p r e -

i r r a d i a t e d f u e l w i t h l o w e r s w e l l i n g 

p r o p e r t i e s . T h e c l a d d i n g of 

E l e m e n t B F 0 8 f a i l e d a t t h e t o p 

of t h e e l e m e n t , e v i d e n t l y f r o m 

e x p a n s i o n of t h e f u e l p i n a g a i n s t 

t h e t o p r e s t r a i n e r . T h i s f a i l u r e 

a p p e a r e d t o o c c u r a f t e r t h e p i n 

r e a c h e d p e a k p o w e r . I n b o t h 
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cases , molten fuel was expelled from the fuel element. The molten fuel from 
Element E34 collected on the lower transducer; the molten fuel from 
Element BF05 collected between the element and the upper motion t ransducer . 

q- Systems Engineering (B. C. Cerutti) 

(i) Surveillance, Evaluation, and Studies of Systems 

Last Reported: ANL-7553, pp. 53-54 (Feb 1969). 

(a) Study of Fusible Alloy in EBR-II Rotating-plug Seals 
(T. F. Kassner and C. A. Youngdahl) 

A phase-diagram study of the Na-Bi-Sn system was 
made to provide information concerning the effect of sodium ingress on the 
melting point of the fusible alloy used in the EBR-II rotating-plug seals . The 
liquidus curve for the isopleth between the Bi-Sn eutectic alloy and sodium 
was determined by differential thermal analysis for a range of compositions 
between 0 and 60 a/o sodium. 

Twenty-four alloy compositions were prepared in 
tantalum capsules by weighing desired amounts of the eutectic alloy and 
sodium in a helium-atmosphere glovebox. The capsules, each containing 
-1.5 g of alloy, were heated to ~270°C and s t i r red to promote homogeneity. 
Tantalum capsules were also filled with the Bi-Sn eutectic alloy, indium, tin, 
bismuth, lead, and zinc to serve as standards for calibration of a modified 
Fisher ser ies 200A Differential Thermalyzer . Similar capsules with a Bi-
Sn-In ternary eutectic alloy (mp 78.8°C)Vere used as a reference in the 
thermal-analysis apparatus. 

Thermograms obtained from the standards when cooling 
at a rate of 5°C/min agreed within ±0.5°C of the reported melting points. 

One of the standard mater ia ls was run simultaneously 
with the Na-Bi-Sn alloys so that appropriate correct ions of ~1°C could be 
applied to the t he rma l - a r r e s t tempera tures . For sodium concentrations 
below 18 a/o, the Bi-Sn eutectic alloy standard was used; at higher sodium 
concentrations, bismuth or tin standards were included. Before a cooling 
run, the alloy specimens were held at 600°C for 1 hr and s t i r red occasionally 
to ensure that all the sodium was in solution and that the alloy was homoge­
neous. Selective oxidation of sodium in the samples was reduced by placing 
the furnace in a glovebox and by using purified helium as the cooling gas fed 
to the furnace. Several heating and cooling runs were made for each of the 
samples listed in Table I.D.32. The t h e r m a l - a r r e s t temperatures obtained 
on cooling are reported and represent average values from two or three runs. 



104 

TABLE I.D.32. Differential-thermal-analysis Data for 
Na-Bi-Sn Alloys that Form an Isopleth between the 

57 w/o Bi-43 w/o Sn Eutectic Alloy and Sodium 

Sodium 

Alloy 
(w/o Na) 

0.0 
0.48 
0.67 
1.07 
1.41 
1.62 
1.99 
2.44 
2.73 
3.23 
3.51 
4.II 

in 

(a/o Na) 

0.0 
3.2 
4.4 
6.9 
9.0 

10.2 
12.2 
14.7 
16.2 
18.7 
20.0 
22.9 

Thermal-arrest 
Temperatures on 

Cooling (°C) 

308 
310 
324 

139 
137.5 
137 
135 
136 
131 
130.5 
133 
126.5 
128 
133, 125 
125 

Sodium in 
Alloy^ 

(w/o Na) 

4.65 
5.17 
5.89 
7.06 
8.10 
8.75 

10.0 
11.3 
12.7 
14,3 
15.9 
18.0 

(a/o Na) 

25.2 
27.3 
30.1 
34.3 
37.8 
39.7 
43.5 
46.7 
50.0 
53.5 
56.5 
60.3 

Thermal-ar res t 
Temperatu 

Cooling 

333, 127 
338, 
344, 
341, 
339, 
330, 
330, 
337. 
343, 
337, 
327, 
336, 

161, 
183 
lyv 
328, 
216 
216 
326, 
330, 
324, 
219 
327, 

res on 
(°C) 

125 

216 

217 
218 
217 

218 

The ratio of bismuth to tin in the alloy samples was maintained at a constant value 
set by the binary eutectic composition. 

The da ta , which a r e p lo t t ed in 
F ig . I .D.20, ind ica te a s ign i f i can t d e ­
c r e a s e in the l iquidus t e m p e r a t u r e a s 
the sod ium c o n c e n t r a t i o n a p p r o a c h e s 
~16 a / o , followed by a s h a r p i n c r e a s e 
in t e m p e r a t u r e at h i g h e r s o d i u m c o n ­
c e n t r a t i o n s . T h e s e r e s u l t s s u g g e s t a 
p o s s i b l e t e r n a r y e u t e c t i c in the s y s t e m 
at a c o m p o s i t i o n of ~15 a / o s o d i u m . 

The v e r t i c a l l i ne s i nd i ca t e the 
sod ium c o m p o s i t i o n s a t wh ich t ie l i ne s 
be tween the spec i f ied s i n g l e - p h a s e 
r eg ions (in a l o w - t e m p e r a t u r e i s o t h e r m a l 
sec t ion) i n t e r s e c t the i sop l e th . No e x ­
p e r i m e n t a l ev idence was ob ta ined to 
ver i fy that the t w o - p h a s e e q u i l i b r i a 
w e r e chosen c o r r e c t l y o the r than the 
c o r r e s p o n d e n c e b e t w e e n m i n i m a (e .g . , 
at 41.5 and 61 a / o Na) and the m a x i ­
m u m (50 a / o Na) in the l iqu idus c u r v e , 
and the c o n s t a n t t h e r m a l - a r r e s t 

t e m p e r a t u r e of 218°C for sod ium c o n c e n t r a t i o n s g r e a t e r than ~38 a / o . 
Meta l lography and X - r a y a n a l y s i s w o r k to "develop o t h e r f e a t u r e s of the 
p h a s e d i a g r a m was not a t t e m p t e d b e c a u s e of oxida t ion p r o b l e m s wi th the 
r e a c t i v e al loy s a m p l e s . 

Bi-Sn 

EUTECTIC 

10 20 30 40 50 

SODIUM CONCENTRATION, a/o 

Fig. I.D.20. Portion of the Isopleth between the 
57 w/o Bi-43 w/o Sn Eutectic 
Alloy and Sodium 
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(ii) Secondary and Power Systems Improvements 

Last Reported: ANL-7553, pp. 54-56 (Feb 1969). 

(a) Inst rument-air System (H. W. Buschman) 

On August 23, 1968, an exhaust valve failed in the No. 2 
air compressor . The compressor was shut down and the No. 1 compressor 
placed in operation. Reverse flow through the No. 2 compressor then 
occurred, resulting in a rapid reduction of ins t rument-a i r p re s su re . The 
loss of p ressu re was detected immediately, and the failed compressor was 
isolated in time to prevent failure of the ins t rument-a i r system. 

A review of operational logs revealed that s imilar 
valve failures had occurred in the past. Two piston-controlled check valves 
specifically designed for pulsating p ressu re service was procured from the 
manufacturer of the valves, Daniel Industries, Inc. One was installed in 
each of the outlet lines from the ins t rument-a i r compressors . The two 
valves have operated satisfactorily for a total of 1000 hr to date. 

(iii) Instrumentation Improvements (R. E. Rice and H. H. Hooker) 

Last Reported: ANL-7553, p. 56 (Feb 1969). 

Prel iminary proposals for the following instrumentaion-
improvement projects for FY 1969 Modifications of EBR-II and Related 
Facili t ies have been sent to the AEC for review and approval: (a) improved 
a larm and control system; (b) steam-gemerator instrumentation; (c) improved 
sodium-level sensor; (d) improvement of fission-product-monitoring sys ­
tems; and (e) upgrading of shutdown circuit . 

(a) Improved Alarm and Control System (F. H. Just) 

Many a larms and control actions in the existing p r imary-
purification, secondary-sodium, steam, and water systems are initiated by 
switches that a re in turn actuated by servo-actuated indicator or recorder 
mechanisms. The work proposed in this modification consists of revising 
about 30 channels of this kind to separate the a larm and control functions 
from the indicator or recorder mechanisms. Alarm and control then will 
not depend on a servo-actuated indicator or recorder . 

The existing servo-actuated units can fail "as i s , " 
which invalidates the a larm and control functions. The proposed electronic 
amplifier and switches have a failsafe feature that provides for either up­
scale or downscale indication if the detecting device fails. The proposed 
system separates the three functions--recording (or indicating), control, 
and a l a rm-- in to independently operated functions and eliminates the existing 
arrangement where the a la rm, control, and indication a re incorporated in 



(b) s team-generator Instrumentation (H. H. Hooker) 

To evaluate the performance of the EBR-II superheaters , 
more data are needed on the operating character is t ics of the individual units. 
The existing steam-generator instrumentation is not capable of providing the 
type or quality of data needed for adequate analyses of performance. 

This modification covers the installation of two sodium-
flow sensors and two steam-flow sensors with associated t ransducers , piping, 
and valves; one pressure transducer with associated piping and valves; one 
calorimeter for steam quality; and up to 30 thermocouples. Data acquisition 
will be provided by the existing automatic data logger ( A D L ) and a future 
digital data-acquisition system. 

Steam-generator (evaporator and superheater) pe r ­
formance is of particular interest because of its potential to limit reactor 
operation. Changes in performance could have serious effects on the r eac ­
tor, particularly during power changes, because the secondary sodium 
returning to the main heat exchanger affects the reactor inlet temperature . 
Data on the performance of individual EBR-II system components also will 
provide a firmer basis for the design of steam-generating components for 
large LMFBR plants. 

(c) Improved Sodium-level Sensor (L. J. Christensen) 

A new kind of sodium-level sensor, which employs a 
displacer suspended from a load cell, has been developed and tested with 
success in the EBR-II pr imary tank. The displacer compensates for changes 
in density with temperature. The weight measured by the load cell is an 
inverse linear function of the amount of sodium displaced (or the height of 
the sodium in the tank). The output signal from the load cell is l inearly 
proportional to the suspended weight. The load cell is designed for a range 
from 0 to 50 lb. The range of levels covered is 284 to 304 in. 

Test and evaluation information gathered with the 
prototype probe indicate that use of the improved design will reduce reactor 
downtime for maintenance. It is proposed that a second sodium-level sensor 
of the new design be added to the pr imary tank to provide a redundant unit. 

(d) Improvement of Fission-product-monitoring Systems 
(L. J. Christensen) 

Three instrument subsystems are now responsive to 
the presence of fission products in the reactor coolant and cover gas-
(1) fuel-element-rupture detector (FERD), (2) fission-gas monitor (FGM), 
and (3) reactor cover-gas monitor (RCGM). The proposed work includes 
modernization and standardization of the electronic components and reduction 
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of the number of different kinds of components, such as low-voltage power 
supplies and amplifiers, in the FERD and FGM systems. 

The FERD system has been a source of spurious 
s c r a m s . The present equipment requires much maintenance, lacks redun­
dancy, and has individual units that are not entirely mutually compatible. 
The proposed equipment will provide three completely independent channels, 
thus ensuring against a reactor sc ram from a single component failure. The 
new system should also decrease maintenance time and increase repeatability 
of measurement and system reliability. Increased system reliability will be 
provided with bin-type solid-state instrumentation. 

The FGM, EBR-U's most sensitive system for online 
monitoring of fission products, has proved invaluable in detecting and 
diagnosing fission-product re leases . The present system is an outgrowth 
of experimental equipment tested at EBR-I, and needs changing to provide 
standardization throughout the plant to reduce the number of spare parts 
and types of maintenance functions performed. Signal drift occurs , and 
frequent maintenance is required to ensure proper operation. The proposed 
work includes modernizing and upgrading the instrumentation, and providing 
an equipment cabinet for the mechanical components. The modificiation 
should increase reliability and accuracy while reducing maintenance. The 
new system will provide two independent channels of information for 
redundancy. 

(e) Upgrading of Shutdown Circuit (L. J. Christensen) 

The proposed work is oriented toward the replacement 
of the existing startup and intermediate channels with wide-range (10-decade) 
nuclear channels. It may be expanded to cover the existing power-level 
channels. 

Reactor protective functions now performed by the 
nine channels in the startup, intermediate, and power ranges possibly will 
be assumed by the new wide-range channels. This modification will reduce 
the number of trip devices connected to the reactor shutdown circuit by 
reducing the number of auxiliary units, such as power supplies, that are 
required. In addition, the high-maintenance effort associated with the 
present channels should be greatly reduced. 

It now appears possible to cover the 10-decade range 
of reactor power by using a single detector and wide-range counting-
campbelling system. By use of the wide-range systems, three channels 
might be able to perform the necessary functions, including protective 
t r ips , that a re now provided by the nine existing channels. The number 
of shutdown-circuit t r ip contacts would be reduced from 52 to 24. The 
total number of nuclear channels could be reduced from 11 to 5, the number 
of power supplies from 9 to 7, and the number of detectors from 11 to 5. 



r. Oxide Driver (G. H. Golden) 

Last Reported: ANL-7561, pp. 46-48 (March 1969). 

(i) Temperature Distribution and Doppler Effect of 
Mechanically Mixed Oxide Fuels (R. K. Lo) 

A transient-heat-transfer computer code (THTB) is being 
used to determine the temperature distribution and effective Doppler r e ­
activity of a heterogeneous fuel of PuOj and UO2. The diameter of the fuel 
rod being considered is 0.25 in., the cladding is 0.015 in. thick, the size of 
the PuOj particles is 20 ;U , and the size of the UO^ part icles is 500 fi.* The 
contact conductance between PuOj and UO2 particles is 4000 Btu/hr-ft^-°F, 
and that between UO2 particles and the cladding is 1500 Btu/hr-ft^-°F. The 
heat-transfer coefficient between flowing sodium and cladding is 
1400 Btu/hr-ft^-°F. The linear heat generation is 16 kw/ft. The power 
density in the plutonium is assumed to be 97%, and that in the uranium 3%. 
The power trace calculated by the SASIA code,** using a reactivity insertion 
ramp of 50 cents per sec, is as follows: 

Time, sec 
Normalized power 

0 
1.0 

0.4 
1.6 

0.8 
3.2 

1.2 
5.5 

1.6 
10.5 

Using the tabulated power-trace data and the heat-generation 
rate of 16 kw/ft as input to the THTB, one obtains the temperature d i s t r i ­
bution in the PuOj and UO2 particles. At steady-state conditions, the center 
temperature is about 5000°F. The calculated volume-weighted average 
temperatures are shown in Fig. I.D.21 (the terms q in the figure are in 
Btu/hr-ft^). It can be seen that at no time does the volume-weighted 
average temperature of PUO2 lag behind that of UO2 for this case. 

— 
-
— 

-I 
i 0 7 ' 

-1 

-

LINEAR HEAT GENERATION : 16 kW/fl 

VOLUMETRIC HEAT GENERATION^ 

'PuOrO"^TOT AL 

V ° ° ^ "TOTAL ^ 

F ^ 
-UO; 

l l l l l , ! . ! 

Pu02 

1 1 1 

Fig. I.D.21 

Transient Average Temperature 
of Pu02 and UO2 

0 02 0.4 0.6 0.8 10 
TIME, iK 

*The particle sizes have been modified, 
*+Private communication from N. McNeal, May 1, 1969. 



2. Operations 

a. Reactor Plant (G. E. Deegan) 

Last Reported: ANL-7561, pp. 48-50 (March 1969). 

The reactor was operated for 1820 MWd in Runs 33A 33B 34A 
and 34B from March 21 through May 20. This raised the cumulative total of 
reactor operation to 25,043 MWd. 

The plant had been shut down by a rupture-disk failure in the 
secondary system before the s tar t of this period. Both disks in the north 
rupture-disk assembly were replaced, and the assembly was reinstalled 
and checked. A normal plant heatup from ambient temperature to 580°F 
was^then accomplished, after which heat-balance tests were conducted at 
580 F. Reactor power was used to heat the pr imary tank to 700°F While 
raising power above 10 MWt, the water level in the steam drum could not 
be maintained, so power was immediately reduced. An isolating valve in 
the condensate system had been closed while pressur iz ing the No. 2 feed-
water heater; after this valve was opened, power was raised to 50 MWt. 

After the end of Run 33A, on March 29, the rotating-plue seal 
troughs had to be cleaned. Final cleaning was in progress following fuel 
handling for Run 33B when a small sodium fire broke out in the room con­
taining the cold t rap of the pr imary purification system. A sodium sample 
was being taken from the pr imary system at the t ime. The sampling loop 
and purification system were shut down. The fire, caused by a steady drip-
pmg of sodium from the sampling.pump , r e a , was extinguished in about 4 hr 
Damage was limited to the sampling loop; there were no personnel injuries 
or spread of contamination. 

The source of the sodium leak was traced to a failure of the 
tube of the electromagnetic sampling pump where one of the electrodes was 
brazed to it. The pump tube was replaced by a piece of tubing; samples are 
being taken by using the head developed by the main pump of the purification 
s y s t cm. 

Cleaning of the seal trough was completed and the reactor was 
started " P O " April 7. Analysis of previous operating history indicated that 
Subassembly C2008, a half-worth driver, might be the source of the inter 
mittent, sn.aU fission-product re leases observed in recent months. Loading 
for Run 33B included the installation of this subassembly in the reactor to 
check this theory. 

„ . 1 A •, , f " y - ' ^ ' ^ g ^ ^ ^ " operation was attained on April 10 and continued 
until April 18, when a spurious sc ram occurred. The p r imary pumps were 
shut down for 6 hr while the pr imary- tank cover gas was closely monitored 
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for an i n c r e a s e in ' " X e and ' " X e . Soon a f te r the p r i m a r y p u m p s w e r e r e ­
s t a r t e d , a s t ep i n c r e a s e in t h e s e a c t i v i t i e s c o n f i r m e d a f i s s i o n - p r o d u c t r e ­
l e a s e and ind i ca t ed tha t C2008 was p r o b a b l y the s o u r c e of the r e l e a s e . 
P o w e r ope ra t ion was then r e s u m e d and cont inued unt i l the F E R D i n s t r u ­
m e n t a t i o n deve loped e r r a t i c b e h a v i o r , caus ing a s c r a m , and b e c o m i n g too 
u n s t a b l e for cont inued r e a c t o r ope ra t ion . Run 33, t h e r e f o r e , w a s t e r m i n a t e d 
on A p r i l 22, af ter accumula t i ng 1126 MWd of o p e r a t i o n . 

Dur ing fuel handling for Run 34A, ex t ens ive m a i n t e n a n c e w a s 
p e r f o r m e d on the F E R D s y s t e m . S e p a r a t e power supp l i e s w e r e p r o v i d e d 
for each F E R D channel , and new cab les w e r e i n s t a l l e d and r e r o u t e d to the 
c a b l e - r o u t i n g r o o m . Dur ing Run 33, each channe l had c o n s i s t e d of two BF3 
c h a m b e r s . The ex is t ing c h a m b e r s w e r e left in channe l A, the c h a m b e r s in 
channe l B w e r e r e p l a c e d by four B-10 d e t e c t o r s , and two new BF3 c h a m ­
b e r s w e r e p l aced in channel C . 

Dur ing fuel handl ing for Run 34A, a l l four s u r v e i l l a n c e s u b ­
a s s e m b l i e s containing v e n d o r - p r o d u c e d fuel w e r e r e m o v e d f r o m the c o r e 
when p o s t i r r a d i a t i o n examina t ion of the lead s u b a s s e m b l y r e v e a l e d s o m e 
shor t en ing of the fuel. Routine p h y s i c s e x p e r i m e n t s , wh ich w e r e conduc ted 
on Apr i l 29 at the beginning of Run 34A, w e r e followed by u n i n t e r r u p t e d 
50-MWt ope ra t ion unt i l the m i d r u n shutdown on May 13. 

F u e l handling for Run 34B c o n s i s t e d of r e m o v i n g a 7 0 % - e n r i c h e d 
s u b a s s e m b l y and ins ta l l ing a s p e c i a l s u b a s s e m b l y wi th a known defec t in the 
upper c ladding weld. P h y s i c s e x p e r i m e n t s w e r e p e r f o r m e d at the beg inn ing 
of Run 34B. The run is continuing at 50 MWt. 

b . F u e l Cycle Fac i l i t y (M. J. F e l d m a n ) 

Las t Repor ted : A N L - 7 5 6 1 , pp. 50-56 ( M a r c h 1969). 

(i) F u e l P r o d u c t i o n 

(a) Hot Line (N R. Gran t ) 

Table I.D.33 s u m m a r i z e s p r o d u c t i o n a c t i v i t i e s for 
M a r c h 16 th rough May 15, 1969, and for the y e a r t o d a t e . The f inal p r o ­
duct ion a c t i v i t i e s in the hot line have been c o m p l e t e d . The l a s t s u b a s s e m ­
b ly m a d e f r o m h o t - l i n e - p r o d u c e d fuel was C2192. 

(b) Cold- l ine P r o d u c t i o n and A s s e m b l y (D. L. Mi t che l l ) 

Table I .D.34 s u m m a r i z e s the p r o d u c t i o n a c t i v i t i e s for 
M a r c h 16 th rough May 15, 1969, and for the y e a r to d a t e . A to ta l of 941 
accep t ab l e p ins has r e s u l t e d f r o m ten M a r k - I I i n j e c t i o n - c a s t i n g b a t c h e s . 



Five of these batches (~I00 pins/batch) have been loaded into jackets and 
leaktested. The acceptance rate for eddy-current bond and level testing 
of the two batches tested to date is higher (96%) than normally experi­
enced with Mark-I fuel. 

H I 

TABLE I.D.33. Production Summary for FCF Hot Line 

(All hot-line production operations have been discontinued.) 

3/16/69 
throuch 
5/15/69 

Total 
This Year 

Subassemblies received 
Core, control, and safety 
Other 

Subassemblies dismantled for 
surveillance or examination 

Subassemblies transferred 
To reactor 
To L&O vault and interbuilding corridor 

for storage 

Subassemblies transferred to ICPP for storage 

Subassemblies returned from ICPP storage 

Subassemblies fabricated 

24 

1 

30 

16 

0 

0 

0 

9 

35 

5 

64 

27 

0 

1 

2 

Processing 

Elements processed 
Accepted 
Rejected 

Elements welded 

Elements rewelded 

Elements leaktested 
Accepted 
Rejected 

Elements bonded (including recycle) 

Elements bondtested 
Accepted 
Rejected 

Elements to surveillance 
Number from subassennblies 

0 
0 

100 

0 

356 

834 
37 

795 
21 

Cans to burial ground 

Oxide and glass scrap to ICPP 

Recoverable fuel alloy to ICPP 
Fuel elements 
Subassemblies 
Nonspecification material 

Ftael-alloy and Waste Shipments 

4 

0 

4(70.4 kg of alloy) 
1 (5.8 kg of aUoy) 
0 

1115 
291 

1519 

0 

1588 
64 

2261 

2226 
181 

1933 
50 

13 

2 

14 (243.4 kg of alloy) 
2(11.7 kg of alloy) 
4(71 kg of alloy) 



TABLE I.D.34. Production Summary tor FCF Cold Line 

3/16/69 through Total 
5/15/69 This Year 

0 
0 

0 

0 

196 
0 

356 
38 

7 

7,301 
6,718 
254 

941 
53 

534 

0 

333 
15 

182 
2 

-
_ 
-
-

758 
27 

1,707 

0 

1,705 
40 

1,730 
262 

10 

22,138^ 
18,454=* 
1,200^ 

941 
53 

534 

0 

333 
15 

182 
2 

-
_ 
-
-

Alloy-preparation runs 
New fuel 0 7 1 7 
Remelts 0 3 5 3 

Total 0 10 6 10 

Injection-casting runs 0 10 6 10 

Pins processed 
Accepted 
Rejected 

Elements welded 

Elements rewelded 

Elements leaktested 
Accepted 
Rejected 

Elements bondtested 
Accepted 
Rejected 

Subassemblies fabricated (cold-line Mark-IA fuel) 

Elements received from vendor 
Inspected and accepted 
Inspected and rejected 

Subassemblies fabricated (vendor fuel) I - 2 -

Total elements available for subassembly fabrication as of 5/l5/69 
Cold-line fuel 

Mark lA 970 
Mark II 182 

Vendor fuel (all Mark lA) 17,779 

^Total includes figures for 1968. 

(ii) Inspec t ion of Vendor F u e l ( D . L . Mi tche l l ) 

A s u m m a r y of the data r e l a t i n g to r e c e i p t and a c c e p t a n c e 
of fuel p roduced by A e r o j e t - G e n e r a l Co rpo ra t i on is inc luded in Tab le I .D.34. 
The a c c e p t a n c e r a t e for the ANL ve r i f i ca t ion in spec t ion of the fuel has con­
t inued to be g r e a t e r than 95%. 

(iii) Su rve i l l ance ( M . J . F e l d m a n , J . P . B a c c a , and 
E . R. E b e r s o l e ) 

(a) C h e m i c a l Ana lyse s (E. R. E b e r s o l e ) 

The n u m b e r of f u e l - p r o d u c t a n a l y s e s of h o t - l i n e , co ld-
l ine , and vendor - fue l s a m p l e s m a d e dur ing the r e p o r t i n g p e r i o d , t o g e t h e r 
with the a v e r a g e va lues and r a n g e s , a r e shown in Tab le I .D.35 . 
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TABLE I.D. 35. Analyses of Fuel -product Samples 

Number of 
Analyzed for Analyses 

Total U^ 15 
"*U (% of total U)* 1 5 
Total u ' ' 7 
"^U (% of total U)*" 7 
Mo 27 
Ru 27 
Rh 27 
Pd 27 
Zr 33 
Nb 20 
Si 26 
Al 12 
C 14 
Cr 16 
Fe 19 
Ni 16 

Total Analyses 308 

Average Value 

94.85 w/o 
64.10 w/o 
95.38 w/o 
51.92 w/o 

2.51 w / o 
2.01 w/o 

0.277 w / o 
0.192 w/o 
0.133 w/o 
0.010 w/o 

414 ppm 
83 ppm 

240 ppm 
38 ppm 

112 ppm 
87 ppm 

Range 

94.47-95.54 
63.95-64.20 
95.04-95.64 
51.71-52.10 

2.34-2.61 
1.84-2.10 

0.253-0.291 
0.169-0.206 
0.058-0.290 
0.007-0.011 

50-590 
45-161 
83-394 
32-50 
89-150 
48-188 

^64%-enriched fuel. 
*'52%-enriched fuel. 

Analyses for surveillance of irradiated fuel pins from 
the reactor during the reporting period are shown in Table I.D.36. 

TABLE I.D,36. Analyses of I r radiated Fuel Pins 

Analyzed for 
Number of 
Analyses Average Value Range 

Total U 
Mo 
Ru 
Rh 
P d 
Z r 
Nb 
C r 
F e 
Ni 
Si 
T c 
Burnup 

7 
3 
4 
3 
3 

24 
18 

3 
3 
3 
4 

17 
33 

92.63 w / o 
2.53 w / o 
1.94 w / o 

0.272 w / o 
0.194 w / o 
0.1 70 w/o 
0.010 w/o 

38 pprn 
1 56 pprn 
174 ppm 
375 ppm 
405 ppm 
1.61 a /o 

92.61-92 .66 
2 .46-2 .57 
1.88-1.99 

0.265-0.282 
0.190-0.204 
0.125-0.230 
0.006-0.014 

33-44 
127-212 
163-192 
251-512 
257-459 

0.40-2.14 

Total Analyses 125 

(b) Post irradiat ion Analysis of EBR-II Fuel ( j . P. Bacca) 

(1) Surveillance of Vendor-produced Fuel. P o s t i r r a ­
diation examination of fuel elements produced by Aerojet-General Corp. 
(AGC) has revealed shortening of the fuel pins in these elements after they 
have been irradiated to between 0.2 and 0.6 a/o fuel burnup. 



The shortening was first observed for fuel pins 
from Subassembly C2178, which had obtained 0.6 a/o burnup. This sub­
assembly had been designated as the "lead" subassembly of five subassem­
blies in the program designed to qualify the vendor fuel for use in EBR-II. 
The remaining four subassemblies of this program then were removed 
from the reactor core. Of these subassemblies, three (C2181, C2183, and 
C2189) have been disassembled and subjected to postirradiation examina­
tion. The fourth subassembly (C2182) had received 0.5 a/o burnup and is 
being held in the primary-tank basket. 

Table I.D.37 shows the lengths of the fuel pins 
from the subassemblies examined, as determined by eddy-current tech­
niques. From these data, three salient points become apparent: 

1. The shortening is a function of AGC fuel 
manufacturing and not a function of abnormalities introduced during the 
handling or irradiation of the subassemblies. This is evidenced by the 
normal behavior of FCF cold-line fuel irradiated along with vendor-
produced fuel in C2183. 

2. The degree of shortening appears to be a 
fimction of irradiation (burnup) of the fuel, because the amount of shorten­
ing is approximately proportional to atom percent of burnup over the range 
of the subassembly burnups (0.2-0.6 a/o). 

TABLE I.D.37. P o s t i r r a d i a t i o n M e a s u r e m e n t s of Lengtli of P i n s Made f rom 
Vendor -p roduced Fuel (nominal lengtii of a s - f a b r i c a t e d fuel pin: 13.500 ± 0.032 in.) 

Batch No. 
g Number of 

E l emen t s 

Subassembly 

100 
100 
107 
112 
114 
115 
119 

Total 

Subassembly 

100 
100 
107 
112 
114 
119 
150 
153 
154 

Total 

C2178, 

2 
8 

10 
13 
8 

39 
11 

91 

C2181, 

3 
4 

12 
11 
10 
11 
15 
10 
15 

91 

Length of 
Fue 

Averag 

0.60 a / o 

12.75 
13.5 
12.76 
12.66 
12.83 
12.75 
12.68 

12.81 

0.56 a / o 

12.80 
13.5 
12.79 
12.67 
12.81 
12.76 
12.89 
12.79 
12.77 

12.82 

1 P in (in.) 

e Range 

Burnup 

12.7-12.8 
All 13.5 

12.7-12.8 
12.6-12.8 
12.6-13.1 
12.6-13.1 
12.6-12.8 

12.6-13.5 

Burnup 

12.7-12.9 
All 13.5 

12.7-12.9 
12.6-12.8 
12.6-12.9 
12.7-12.9 
12.7-13.2 
12.7-12.9 
12.6-13.1 

12.6-13.5 

AGC Cast 
Batch N 

Sub 

100 

ing Number of 
o. E l e m e n t s 

a s s e m b l y 

100 
107 
112 
114 
119 

Subtotal 
F C F Cold-

1 

Sub 

100 
100 
107 
115 
150 
150 
153 
153 
154 

ine Fue l 

Total 

C2183, 

20 
9 

11 
17 
24 

6 

87 

4 

91 

a s s e m b l y C2189, 

Total 

6 
6 
8 

15 
1 

13 

29 
12 

91 

Length of 
F u e l P i n (in.) 

Average Range 

0.48 a / o 

13.5 
13.18 
13.14 
12.81 
12.88 
12.76 

13.06 

13.5 

0.18 a / o 

13.5 
13.25 
13.24 
13.23 
13.5 
13.33 

13.30 
13.26 

Burnup 

AU 13.5 
12.9-13.4 
12 .8-13.3 
12.6-13.0 
12.7-13.1 
12.7-12.9 

12.6-13.5 

All 13.5 

Burnup 

All 13.5 
13.2-13.3 
13 .2-13.3 
13 .2-13.3 

-
13.3-13.4 

13.2-13.4 
13.2-13.3 
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3. All of the nine AGC batches of fuel from which 
the inspected fuel pins were made acted similarly with the exception of 
batch 100: approximately 65% (38 out of 58) of the fuel pins made from this 
batch did not shorten. 

Examination of the irradiated fuel elements from 
Subassemblies C2178, C2181, C2183, and C2189 are continuing. In addition, 
reviews are being made of AGC manufacturing procedures to determine the 
differences that exist between their procedures and those used in the FCF 
cold line and what variations in AGC procedures may have existed during 
the fabrication of batch 100. Also being conducted are basic physical-
metallurgical tests and examinations to determine differences between AGC 
and FCF fuel and between AGC batch 100 and the other AGC fuel batches. 

The status of investigations within these three gen­
era l a reas is discussed below. 

(A) Examination of Irradiated Elements and 
Fuel Pins 

1. Neutron radiographs of representative 
elements from all four subassemblies were obtained at TREAT. These 
radiographs confirmed the length measurements obtained by eddy-current 
examination. 

2. Fuel pins from 15 elements were removed 
from their stainless steel jackets, the adhering sodium on the pins was r e ­
moved, and the diameter profiles of the pins were measured precisely. The 
lengths of the fuel pins also were measured to confirm previous data. Fig­
ure I.D.22 i l lustrates typical results of the diameter-profile measurements . 

OISTMCE FROM eOTTIM END OF FiJEt PIN. M 

Fic. I.D.22. Diameter Profile of Dejacketed Fuel Pin E25 from Subassembly 02115 (grid 
toiiiuon, 4A1; burnup. 0.60 a/o; AGC casting batch 112; pin length, 12.7 in.) 



T h e s e r e s u l t s show that an i n c r e a s e in fuel -p in d i a m e t e r a c c o m p a n i e s a 
d e c r e a s e in p in length. In m o s t c a s e s , the l a r g e s t i n c r e a s e o c c u r r e d m the 
lower r eg ion of the fuel pin; however , in 3 of 15 p ins m e a s u r e d to da t e , the 
l a r g e s t d i a m e t e r i n c r e a s e o c c u r r e d in the upper p o r t i o n of the f u e l - p m 
length . 

3. M e a s u r e m e n t s of the l e v e l of the bonding 
s o d i u m by e d d y - c u r r e n t t echn iques show tha t the vo lume swel l ing of the 
AGC fuel was c o m p a r a b l e to tha t p r e v i o u s l y o b s e r v e d for F C F - p r o d u c e d 
fuel that had undergone s i m i l a r bu rnup . 

4. P r e c i s i o n m e a s u r e m e n t s of the ou t s ide 
d i a m e t e r s of the e l e m e n t s (fuel p ins p lus c ladding) did not show d i a m e t e r 
i n c r e a s e s ( jacket s t r a in ing) in any of the e l e m e n t s m e a s u r e d - - e v e n in the 
c a s e s w h e r e the fuel pin was in i n t ima te contac t with the j a c k e t . 

5. The p r e s s u r e s of gas in the f u e l - e l e m e n t 
p l e n u m s w e r e m e a s u r e d and found to be at e s s e n t i a l l y a m b i e n t p r e s s u r e s , 
ind ica t ing tha t no f i s s ion gas had been r e l e a s e d by the fuel p i n s . A n a l y s i s 
of the f i s s ion gas conf i rmed th is p r e m i s e in that the t o t a l quan t i ty of f i s s i o n 
gas ( p r i m a r i l y xenon and krypton) found in the p l e n u m can be acco tmted for 
by f i ss ion r e c o i l f rom the s u r f a c e s of the fuel p i n s . 

6. Axial g a m m a s c a n s of the fuel e l e m e n t s 
showed a shifting of the peak ac t iv i t i e s in the d i r e c t i o n t o w a r d the r e g i o n 
of the pin wi th the l a r g e r d i a m e t e r . 

7. The r e s u l t s of p o s t i r r a d i a t i o n e x a m i n a ­
t ion of AGC and F C F co ld - l ine e l e m e n t s that had r e c e i v e d a p r e i r r a d i a t i o n 
v ib ra t i on s imu la t i on (1-2 m i l s ho r i zon t a l ampl i tude at 500°C for 122-, 24, or 
72 h r ) w e r e the s a m e as the r e s u l t s for e l e m e n t s tha t had not r e c e i v e d th i s 
p r e i r r a d i a t i o n t r e a t m e n t . This t r e a t m e n t , u s e d in an i n v e s t i g a t i o n of 
s o d i u m - b o n d i n t eg r i t y , was in tended to s i m u l a t e e s t i m a t e d v i b r a t i o n and 
t e m p e r a t u r e effects r e c e i v e d by s u b a s s e m b l i e s in the r e a c t o r . 

8. The o b s e r v e d r educ t i on in fue l -p in 
lengths does not show any c o r r e l a t i o n wi th i r r a d i a t i o n t e m p e r a t u r e or 
bu rnup of the e l e m e n t s within a s u b a s s e m b l y . (These v a l u e s v a r y wi th 
loca t ion of the e l e m e n t in the s u b a s s e m b l y . ) 

( B ) Inves t iga t ion of V a r i a t i o n s in M a n u f a c t u r i n g 
P r o c e d u r e s 

1. E x a m i n a t i o n of AGC f a b r i c a t i o n r e c o r d s 
h a s fai led so far to show any d i f fe rence in m a n u f a c t u r i n g p a r a m e t e r s for 
ca s t ing b a t c h 100 and the o the r b a t c h e s . 



2. None of the chemical analyses of any 
AGC batches (including batch 100) show any significant differences or any 
variations from ANL fuel specifications. 

3. Both AGC and FCF fuel pins are injection 
cast . Differences in furnace design may produce differences in casting or 
cooling pa ramete r s ; however, neither the AGC nor the ANL furnace is ade­
quately instrumented to provide data for complete analysis of these 
pa r ame te r s . 

4. The only step in which the AGC manufac­
turing operation differs significantly from the ANL process is the sodium-
bonding step. In the AGC process , the fuel elements are bonded by a 
centrifugal process in which the elements are inclined at approximately 7° 
from the horizontal (top ends lower than the bottom ends). While being 
rotated, the elements are heated to 500°C in 1 hr, bonded at 500°C for 
20 min, and then cooled to less than 100°C (the solidification point of so­
dium) in 20 min. In the FCF process , the fuel elements a re vert ical dur­
ing all phases of bonding. They are heated to 500°C, while stationary, in 
1 hr, bonded at 500°C by 1000 cycles of impact for 10 min, and then cooled, 
while stationary, to less than 100°C in 4-6 hr. 

The most obvious differences between 
the two processes are : (a) centrifugal (AGC) versus impact (FCF) bonding; 
(b) in the AGC process , transformation of gamma to alpha phase in the fuel 
pin takes place while the fuel is tinder centrifugal force; in the FCF process , 
this transformation is complete before force is applied (by impact); (c) the 
cooling rate used in the AGC centrifugal-bending process is much higher 
than the cooling rate used in the FCF impact bonders. 

(C) Investigation of Physical Metallurgy of 
Fuel Pins 

1. Optical microscopy has not shown any 
significant differences in the micros t ruc tures of AGC and FCF fuel pins as 
cast. However, their as-bonded micros t ruc tures are somewhat different in 
that the AGC alloy shows a s t ructure much like that of the a s -cas t alloy and 
the FCF as-bonded alloys shows a somewhat aged s t ructure . Microhardness 
of the AGC as-bonded fuel pins is somewhat higher than that of the FCF as-
bonded fuel pins. Microst ructures of the i rradiated AGC fuel pins a re very 
s imilar to those observed for FCF fuel pins following comparable burnup. 
No interaction between the stainless steel cladding tubing and fuel was seen, 
even when the diameter of the pin was the same as that of the inside of the 
jacket. 



2. Electron microscopy using replica tech­
niques showed a possibly higher degree of microtearing for i r radiated AGC 
fuel than that observed for FCF fuel of comparable burnup. This informa­
tion is very preliminary and is being investigated further. 

3. Thermal coefficients of expansion, as 
determined by dilation tes ts , indicated differences between the coefficients 
for FCF fuel and AGC fuel. In addition, differences in the coefficients of 
samples from the tops and from the bottoms of both FCF and AGC fuel pins 
were observed. These studies were made on unirradiated, as-bonded fuel 
pins. 

4. Thermal cycling of 2-in.-long sections 
of tinirradiated, as-bonded AGC and FCF fuel pins for 675 cycles between 
100 and 530°C resulted in the following length decreases: 

AGC batch 107 0.0007 in. 
AGC batch 100 0.0007 in. 
FCF batch 0456 0.0012 in. 
FCF batch 0457 no change 

Another test, using a different temperature interval, is being planned. 

5. Straightness measurements of uni r radi ­
ated, bonded AGC fuel pins showed bowing ranging from 30 to 80 mils . Un­
irradiated, bonded FCF fuel pins showed less bowing, usually ranging from 
6 to 30 mils . 

(2) 50-MWt Surveillance Program. Post i rradiat ion 
examinations of elements from Subassembly C2086 of the 50-MWt surveil­
lance program were completed. This subassembly is the first of three 
comprising the Phase-II portion of this program. The calculated meiximum 
burnup of C2086 was 0.83 a/o, all of which was accumulated at the 50-MWt 
power level in EBR-II. For elements in the subassembly that were fabri­
cated from U-5 w/o Fs alloy having a silicon content of 230 ppm, the average 
swelling was 3.8% and the swelling range was from 2.8 to 4.6%. For e le­
ments utilizing fuel with a silicon content of 140 ppm silicon, the average 
swelling was 4.9% and the range was from 4.1 to 6.4%. 

These values are very similar to those obtained in 
the past for driver fuel after it had been irradiated in EBR-II at a 45-MWt 
power level and also after it had been irradiated at both 45- and 50-MWt 
power levels. 

(3) 70%-enriched Fuel Experiment. Subassem­
bly C2175S, containing 70%-enriched fuel, was i rradiated to a calculated 
maximum burnup of 1.23 a/o (1.03 a/o average) in reactor grid positions 4E 1 
and 4B1. Table I.D.38 shows the fuel swelling that took place in the elements 
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during irradiat ion. Average volume swelling of the fuel pins in all the ele­
ments of the subassembly averaged 6.6%. (Silicon content of the fuel ranged 
from 260 to 533 ppm.) Swelling of individual elements ranged from 4.7 to 
8.1%. These data, shown with data for other subassemblies containing 70%-
enriched fuel in Fig. I.D.23, indicate that irradiation swelling of the 70%-
enriched fuel continues to be slightly higher than that shown in the past by 
s imilar 52%-enriched U-5 w/o Fs alloy (silicon content greater than 
200 ppm) after comparable burnup. This slightly increased swelling rate 
IS attributed to the higher irradiation temperatures experienced by the 
70%-enriched fuel in the reactor . 

TABLE I.D.38. Fabrication and Irradiation-performance Data for 70%-enriched-fuel 
Subassembly C2175S (Calculated burnup: 1.12 a/o max; 1.03 a/o avg) 

Injection-
casting 

Batch No. 

0700 
0701 
0702 
0703 
0704 
0705 

Silicon 
Content 
of Fuel 
(ppm) 

260 
533 
362 
407 
409 
437 

Number 
of 

Elements 

4 
4 

11 
25 
15 
32 

Element-
burnup 
Range 
(a/o) 

1.15-1.19 
1.15-1.20 
1.13-1.22 
1.12-1.23 
1.12-1.22 
1.12-1.23 

Total Vo 
of Fue 

Average 

6.63 
7.60 
6.91 
6.72 
6.33 
6.43 

ume Swelling 
(AV/v, %) 

Range 

6.26-7.17 
6.86-8.11 
5.74-7.47 
5.23-7.96 
4.73-7.31 
4.88-7.50 

Calculated 
Temperature 

Range at 

Fuel (°r) 

1148-1162 
1152-1170 
1127-1174 
1066-1174 
1076-1172 
1046-1176 

i i j 

5« 
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Fig. I.D.23. Swelling of 70%-enriched U-5 w/o Fs Alloy as a Function of Bumup 

No interaction of fuel and cladding was observed 
during metallographic analyses of a high-temperature, high-burnup ele­
ment from the subassembly. No jacket straining was indicated by 



measurements of the outside diameters of selected elements. The lat ter 
result was expected because no contact of the fuel pin and the jacket m any 
of the elements was observed during postirradiation eddy-current tes ts for 
sodium bond and level. 

Eighty-three of the 70%-enriched elements from 
C2175S were utilized in the fabrication of another subassembly, C2193S 
along with eight 52%-enriched cold-line elements. Subassembly C2193S 
was then irradiated in EBR-II to a calculated maximum burnup of approxi­
mately 1.5 a/o during Run 34A. Postirradiation examination of these high-
burnup elements will begin soon. 

(4) Controlled-flow Experiment. Subassembly C2185S, 
the first subassembly of the controlled-flow subassemblies to reach target 
burnup, was irradiated to a calculated maximum burnup of 1.08 a/o (0.95 a/o 
average) in grid position 2C1 of the reactor core. Table I.D.39 summarizes 
the fuel swelling observed during postirradiation examinations. Average 
fuel-pin swelling for the Mark-IA elements in the subassembly was 7.0%; 
the range was from 3.0 to 8.8%. Average fuel-pin swelling for the Mark-IB 
elements was 7.3%; the range was from 5.7 to 8.8%. These swelling values 
are consistent with those observed for 70%-enriched fuel (shown in 
Fig. I.D.23) following comparable burnup. Calculated irradiation tempera­
tures for the fuel elements in both types of subassemblies are comparable. 
As with the 70%-enriched fuel, the higher irradiation-swelling rates shown 
by the elements from the controlled-flow subassembly probably reflect the 
effects of higher irradiation temperatures when compared to reference 
52%-enriched fuel of normal driver subassemblies. 

TABLE I.D. 39. Fabrication and Irradiation Data for 
Controlled-flow Surveillance Driver-fuel Subassembly C2185S 

(Burnup: 1.08 a/o max; 0.95 a/o avg) 

Total Volume Swelling 
of Fuel (Av/v, %) In jec t ion-

cas t ing 
Batch No. 

M a r k lA 
095 II 
096 II 

M a r k IB 
095 II 
096 II 

Si l icon 
Content 
of F u e l 
(ppm) 

290 
308 

290 
308 

Numb e r 
of 

E l e m e n t s 

25 
21 

25 
20 

E l e m e n t -
b u r n u p 
Range 
(a /o ) 

1.02-1.08 
1.02-1.08 

1.02-1.08 
1.02-1.08 

Average Range 

6.58 3.01-8.24 
7.53 5.65-8.75 

6.86 5.67-8.23 
7.97 6.09-8.82 

(5) Driver-fuel Extended-burnup Program. Fuel ele­
ments from Subassembly C2164 were examined following irradiation to a 
calculated maximum burnup of 1.49 a/o (1.22 a/o average) in grid posi­
tion 5D4 of the reactor core. This is the second driver subassembly that 
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h a s b e e n i r r a d i a t e d to t he 1 .5 - a /o l eve l . The o t h e r s u b a s s e m b l y was 
C2027 ( see P r o g r e s s R e p o r t for J a n u a r y 1969, A N L - 7 5 4 8 , pp . 68 -69) , wh ich 
a t t a i n e d a m a x i m u m b u r n u p of 1.49 a / o dur ing Run 32. 

The r e s u l t s of p o s t i r r a d i a t i o n f u e l - s w e l l i n g m e a ­
s u r e m e n t s for C2164 a r e s u m m a r i z e d in Tab le I .D.40 . A v e r a g e fue l -p in 
swe l l ing for the s u b a s s e m b l y was 6.4%; swel l ing of ind iv idua l p ins r a n g e d 
f r o m 3.3% to 7.8%. T h e s e va lue s a r e v e r y s i m i l a r to t h o s e o b s e r v e d 
e a r l i e r for h i g h - b u r n u p S u b a s s e m b l y C2027 (men t ioned above) and t h o s e 
dep i c t ed in the c u r v e (b roken l ine) for l o w - s w e l l i n g a l loy in F i g . I .D .23 . 
It i s n o t e w o r t h y that the s i l i con content of the two fuel b a t c h e s r e p r e s e n t e d 
in C2164 was r a t h e r high (835 p p m and 920 p p m ) . F r o m t h e s e da ta it can 
be t e n t a t i v e l y conc luded tha t i r r a d i a t i o n swel l ing of U-5 w / o F s a l loy wi th 
a s i l i c o n conten t g r e a t e r than spec i f i ca t ion ( i . e . , g r e a t e r than 520 ppm) i s 
v e r y s a t i s f a c t o r y to at l e a s t 1.5 a / o b u r n u p . 

TABLE I.D.40. Fabrication and Irradiation Data for 
Extended-burnup Surveillance Driver-fuel Subassembly C2164 

(Burnup: 1.49 a/o max; 1.22 a o avg) 

Silicon Element- ^ 
In jec t ion- Content N u m b e r b u r n u p T o t a l V o lume Swel l ing 

c a s t i n g of F u e l of Range of F u e l ( A V / v , %) 

Ba tch No. (ppm) E l e m e n t s ( a / o ) A v e r a g e Range 

4263 835 47 1.33-1.49 6.56 3 .28 -7 .82 
•^264 920 44 1 .34-1.46 6.18 4 . 5 6 - 7 . 7 5 

S u b a s s e m b l y C 2 « 6 5 , w h i c h c o n t a i n s f u e l h a v i n g a 
l o w s i l i c o n c o n t e n t ( < 2 0 0 p p m ) i n a d d i t i o n t o f u e l h a v i n g a s i l i c o n c o n t e n t 
g r e a t e r t h a n 2 0 0 p p m , a t t a i n e d a m a x i m u m b u r n u p of 1.50 a / o a t t h e e n d 
of R u n 3 3 . P o s t i r r a d i a t i o n e x a m i n a t i o n s of t h i s s u b a s s e m b l y a r e i n 
p r o g r e s s . 

S u b a s s e m b l y B 3 6 2 , w h i c h c o n t a i n s o n l y e l e m e n t s 
f a b r i c a t e d f r o m l o w - s w e l l i n g ( > 2 0 0 p p m s i l i c o n ) f u e l , a t t a i n e d a c a l c u l a t e d 
m a x i m u m b u r n u p of 1.72 a / o a t t h e e n d of R u n 3 4 . P o s t i r r a d i a t i o n e x a m i ­
n a t i o n s of t h e e l e m e n t s f r o m t h i s s u b a s s e m b l y w i l l b e g i n s o o n . 

A s p a r t of t h e d r i v e r - f u e l e x t e n d e d - b u r n u p p r o ­
g r a m , a n a d d i t i o n a l n u m b e r of n o r m a l d r i v e r s u b a s s e m b l i e s a r e n o w u n d e r ­
g o i n g i r r a d i a t i o n t o 1.5 a / o b u r n u p in t h e E B R - I I c o r e . T h e s e s u b a s s e m b l i e s 
r e p r e s e n t b o t h h i g h e r - s w e l l i n g ( v 2 0 0 p p m s i l i c o n ) U - 5 w / o F s a l l o y a s w e l l 
a s l o w - s w e l l i n g ( > 2 0 0 p p m s i l i c o n ) a l l o y . 

(6) I d e n t i f i c a t i o n of S u s p e c t L e a k i n g E l e m e n t 
( R . V . S t r a i n ) 

S u b a s s e m b l y C 2 0 0 8 h a d p r e v i o u s l y b e e n i d e n t i f i e d 
a s c o n t a i n i n g a l e a k i n g e l e m e n t . T h i s s u b a s s e m b l y w a s a " h a l f - w o r t h " 
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subassembly, i.e.. half of the fuel-element positions were filled with stain­
less steel rods. The sodium levels in all of the fuel elements from this 
subassembly were checked by the pulsed-eddy-current technique. The eddy-
current t races indicated that the sodium level in one element (E47) was not 
above the top of the fuel pin. Neutron radiographs at TREAT confirmed this 
but also showed that the fuel had not undergone any observable changes m 
physical configuration. Visual examination of the element by remote pe r i ­
scope with lOX magnification indicated a suspect area in the weld where the 
lower tip is joined to the jacket. Heating to 500°C followed by impact bond­
ing for 500 impacts at 500°C did not force any sodium out of the suspect 
leak area. 

(iv) Fuel Management and Handling (N. R. Grant and P. Fineman) 

A summary of fuel-handling operations during the reporting 
period is included in Tables I.D.33 and I.D.34. 

(v) Experiment Handling and Interim Examination (V. G. Eschen 
and N. R. Grant) 

As described in the Progress Report for March 1969 
(ANL-7561, p. 56), problems were encountered during dismantling of Sub­
assembly X018, which contained seven materials capsules. The subassem­
bly was successfully dismantled at TAN, after which the capsules were 
visually examined. All but the centrally located capsule had bowed. This 
bowing at midlength ranged from 0.05 to 0.20 in. Diametral profiles showed 
increases in midlength diameter ranging from 0.004 to 0.015 in. No obvious 
damage was apparent on the surface of the capsules. Five of these capsules, 
along with two new capsules, were assembled into Subassembly X018A in 
the FCF. The other two capsules from X018 were returned to the 
experimenter. 

Subassembly X015 was received and dismantled. Two of 
the capsules contain Mark-IA fuel elements that had been irradiated to a 
peak burnup of 3.4 a/o. These capsules were neutron radiographed, found 
to be acceptable for further irradiation, and were reassembled into Sub­
assembly X066 for an additional 0.4 a/o burnup. The other 17 capsules 
from X015 were held for neutron radiography and other testing. 

Subassembly XOIO was received and dismantled. The cap­
sules for General Electric Company were loaded directly into their t ransfer 
coffin and shipped. The balance of the capsules from this subassembly were 
for other experimenters and are being held for shipment. 

The following experimental subassemblies were fabricated 
with new capsules and transferred to the reactor: 
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X058 (F37) Ge group F9D mixed oxides 

X059 (F37) PNL ser ies 4 mixed oxides 

X061 (B7) INC structural 

X062 (F37) GE group F9B mixed oxides 

PUBLICATIONS 

A Wide-band Charge-sensit ive Preamplifier for Proton-recoi l Proportional 
Counting 

J. M. Larson 
ANL-7517 (February 1969) 

Time-optimal Digital Control of Zero-power Nuclear Reactors 
Thomas J. Marciniak 

ANL-7510 (October 1968) 

Solid Fission Product Behavior in Uranium-Plutonium Oxide Fuel Irradiated 
in a Fast Neutron Flux 

D. R. O'Boyle, F. L. Brown, and J. E. Sanecki 
J. Nucl. Mater, ^ ( l ) , 27-42 (January 1969) 

Fuel-failure Detection in LMFBR Power Plants 
K. G. A. Porges 

ANL-7533 (February 1969) 



II OTHER FAST R E A C T O R S - - C I V I L I A N -
OTHER FAST B R E E D E R REACTORS 

A. F u e l Deve lopmen t 

1. F u e l J a c k e t Alloy Studies 

a. P h y s i c a l Me ta l l u rgy of V a n a d i u m - b a s e Al loys 

(A. E. Dwight) 

Not p r e v i o u s l y r e p o r t e d . 

Continued i n t e r e s t in v a n a d i u m - b a s e a l loys for fas t r e a c t o r c l a d ­
ding m a t e r i a l s m a k e s knowledge of the V - C r - T i t e r n a r y d i a g r a m d e s i r a b l e . 
R u s s i a n i nves t i ga to r s* -** have shown the g e n e r a l f e a t u r e s of the s y s t e m , but 
they w e r e p r i m a r i l y c o n c e r n e d with t i t a n i u m - r i c h a l l oys ; m e t a l l o g r a p h i c 
w o r k was r e p o r t e d , but no X - r a y dif f ract ion da ta w e r e inc luded . 

In o r d e r to d e t e r m i n e the effects of t i t a n i u m and c h r o m i u m on the 
l a t t i ce p a r a m e t e r s of vanad ium, a s e r i e s of v a n a d i u m - r i c h a l loys h a s b e e n 
p r e p a r e d and examined by X - r a y diffract ion. L a t t i c e p a r a m e t e r s of the 
bcc v a n a d m m - b a s e solid solu t ions a r e given in T a b l e I I . A . l . A p r e l i m i n a r y 
a n a l y s i s of the data shows tha t t i t a n i u m expands the l a t t i c e and c h r o m i u m 
c o n t r a c t s it, in a g r e e m e n t wi th p r e d i c t i o n s b a s e d on the a t o m i c s i z e of t he 
al loying e l e m e n t s . 

TABLE I I . A . l . La t t i ce P a r a m e t e r s of 
V a n a d i u m - b a s e Alloys 

Nomina l Compos i t ion (w/o) 

T i C r 

L a t t i c e P a r a m e t e r 
(A) 

80 
70 
80 
70 
80 
80 
80 
70 
70 
70 

20 
30 

0.5 
10 
15 

7.5 
15 
22.5 

20 
30 
15 
10 

5 
22. 
15 

7. 

3.074 

3.099 
3 .000 
2.986 
3.003 
3.013 
3.04 
2.996 
3.033 
3.064 

Miltheev, V. S., and Chernova, T. S., "Diagram of State of the Ternary System Ti-Cr-V," Titanium and 
Its Alloys, Moscow (1962). 

**Samsonova, N. N., and Budberg, P. B., "Effect of V and Mo on the Properties and Phase Transformations of 
the Intermetallic Compounds TiCr2," Soviet Powder Metallurgy and Metal Ceramics, 634 (1966). 
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b. I r r a d i a t i o n S tud ies of F u e l - j a c k e t Al loys (R. C a r l a n d e r ) 

L a s t R e p o r t e d : A N L - 7 5 6 1 , pp. 58-60 ( M a r c h 1969). 

(i) Ef fec ts of I r r a d i a t i o n of Type 304 S t a i n l e s s S tee l . F u r t h e r 
t e n s i l e t e s t i n g of i r r a d i a t e d Type 304 s t a i n l e s s s t e e l s p e c i m e n s f r o m the 
guide t h i m b l e s of E B R - I I e x p e r i m e n t a l S u b a s s e m b l y XG05 and f r o m the 
E B R - I I safe ty rod was done . The t e s t r e s u l t s a r e p r e s e n t e d in F i g s . I I .A . l 
and I I .A.2 for a 550°C t e s t t e m p e r a t u r e and a s t r a i n r a t e of 1%/min. P r e v i ­
ous da t a f r o m t e n s i l e t e s t s of Type 304 s t a i n l e s s s t e e l f r o m E B R - I I c o n t r o l 
rod 12 a r e a l s o inc luded in t he f i g u r e s ( s e e P r o g r e s s R e p o r t for Ju ly 1968, 
A N L - 7 4 7 8 , T a b l e I . E . 6 , p . 56). The r e s u l t s are for i r r a d i a t i o n a t 422 ± 50°C. 

O • COWTROL ROO NO 12 
O -SUeASSEMLY XG05 
O ' S A F E r r ROO 

! 1 0 " 2 

FLUENCE. n/cm* 
I 0 » 

"1 '~'~r ~r T — I I T T I 

TEST TEITERATURE SSCC 

,o 
©•CONTROL NDI2 
o • SUBASSEhCLY XG05 

" O- SAFETY ROO 

_J I ' l l 

I0*» 

FLUENCE. n /cm ' 

Fig. II.A.l. Effects of Irradiation at 422 ± 
50°C of the Yield Strength of 
Type 304 Stainless Steel 

Fig. II.A.2. Effects of Irradiation at 422 i 
50°C on the Uniform Strain 
of Type 304 Stainless Steel 

The s t r e n g t h of the s t a i n l e s s s t e e l was not s ign i f ican t ly 
affected by i r r a d i a t i o n at f luences below 4 'x 10^' n / c m ^ ( see F i g . I I . A . l ) . 
At f luences of f r o m 4 x 10^' to ~3 x 10^^ n / c m ^ , the y ie ld s t r e n g t h i n c r e a s e d 
r a p i d l y wi th i n c r e a s i n g n e u t r o n e x p o s u r e . At f luences above 3 x 10^^ n / c m ^ , 
t he y ie ld s t r e n g t h had a s a t u r a t i o n va lue of -75 ,000 ps i . 

The i r r a d i a t i o n - i n d u c e d i n c r e a s e s in m a t r i x s t r e n g t h r e ­
su l t ed in c o r r e s p o n d i n g d e c r e a s e s in the u n i f o r m s t r a i n of the s t a i n l e s s 
s t e e l ( s ee F i g . I I .A.2) . The s a m e r e l a t i o n s h i p a s was o b s e r v e d for f luence 
and s t r e n g t h ( incuba t ion p e r i o d , r ap id p r o p e r t y change , and s a t u r a t i o n ) w a s 
o b s e r v e d for f luence and u n i f o r m s t r a i n . The s a t u r a t i o n va lue of the u n i f o r m 
s t r a i n of t he i r r a d i a t e d s t a i n l e s s s t e e l was 1 to 2%. 

D i s l o c a t i o n loops a r e the m a i n s t r e n g t h e n e r s of t he m a t r i x 
of s t a i n l e s s s t e e l i r r a d i a t e d in th i s t e m p e r a t u r e r a n g e (371-474°C) . • The 
incuba t ion p e r i o d noted in t h i s e x p e r i m e n t is be l i eved to c o r r e s p o n d to the 
bu i ldup of d i s l o c a t i o n loops to a dens i t y suff icient to c a u s e s ign i f i can t m a t r i x 
s t r e n g t h e n i n g . The r a p i d change in s t r e n g t h with i n c r e a s i n g f luence t h e n 

•Carlander, R.. Harkness, S. D., and Yaggee, F. U, The Effect of Fast Neutron Irradiation on the Micro-
structuie and Mechanical Properties of Type 304 Stainless Steel, to be published in J. Nucl. Mater. 
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c o r r e s p o n d s to an i n c r e a s e d dens i ty of the 1°°? P P f i^g^^es i m p l i e s t h a t t he 
the s t r e n g t h of the i r r a d i a t e d -'-''-'^''''^\l^^,J,^,,on channe l ing , wh ich 
d e f o r m a t i o n m e c h a n i s m changes , P"^^^'^ ^ n h s e r v e d s a t u r a t i o n in h a r d e n i n g 
h a s b e e n sugges t ed as a m e c h a n i s m for the o b s e r v 
of i r r a d i a t e d n i o b i u m . * 

* Tucker R P., Wecfisler, M. S., and Ohr, S. M., Transmission Electron Microscopy and the Dose Dependence 
of Radiation Hardening in Neutron-irradiated Niobium, presented at the Spring Meeting of The Metallurgical 
Society, Pittsburgh, Pennsylvania, May 12-15, 1969. 
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m . GENERAL RESEARCH AND DEVELOPMENT--
CIVILIAN--STUDIES AND EVALUATIONS 

A. Fast Reactor Systems and Cost Analysis 

1- Fuel-cycle Economic Analysis (K. A. Hub and T. D. Wolsko) 

Not previously reported. 

A fuel-cycle economics model and corresponding computer program 
were developed to analyze the economic fuel-cycle charac ter is t ics of nuclear 
reac tors . The computer program, CYCOST, was specifically designed to 
investigate the startup and lifetime fuel-cycle economic character is t ics of 
breeder reac tors , although light-water reactors can also be analyzed. 
CYCOST also performs equilibrium and parametr ic fuel-cycle calculations. 

The economic model assigns costs and credits to each reactor fueling 
period and calculates a power cost for each cycle based on these a s s e s s ­
ments . This method is used to illuminate the cost penalties of the early 
fueling cycles in the reactor life. 

Separate subroutines in the program calculate fabrication costs, 
reprocessing costs, and U-235 value. Any of these economic parameters 
can be specified as input data, and internal subroutine operation can be by­
passed. Fabrication costs are based on a large collection of cost data from 
a number of studies. This subroutine consists of sets of equations that are 
functions of pin diameter and fabrication-plant throughput ra tes . The 
reprocess ing- ra te subroutine is also a set,of parametr ic equations in which 
the fissile concentration of discharged mater ia l is the determining param­
eter. Output from this subroutine is the t ime required for reprocessing the 
discharged fuel. The use charge per day for the reprocessing plant must 
be supplied by the program user . The U-235 cost subroutine calculations 
a re based on a diffusion-plant model that optimizes the U-235 concentration 
in the tails; this optimization depends on the cost of natural uranium in the 
UF4 form and on the separatory work charges. 

Output edit consists of itemized values of fuel-cycle costs given in 
mills per kilowatt hour (inventory, recovery, plutonium credit, fabrication). 
In addition to the itemized fuel-cycle costs and the total for each fueling 
period, a levelized fuel-cycle cost is given for the operation of the plant to 
that date. The last value of levelized cost will reflect the average cost of 
power for the reactor life. All costs are present-valued to the beginning 
of each fueling period, and the levelized fuel-cycle costs a re present-valued 
to the beginning of reactor life. 

PUBLICATION 

Elementary Neutronics Considerations in LMFBR Design 
G. H. Golden 

ANL-7532 (March 1969) 
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IV. GENERAL REACTOR TECHNOLOGY 

A. AppUed^I^iR£i£!£LZ^lI5i^i^2^^^i^2f^ 

1. Theoretical Reactor Physics 

a. C ros s .SecUor^Da t^Eva lua t ^ (D. Meneley) 

Last Reported: ANL-7553. p. 76 (Feb 1969). 

.V, TTMnF/R Pu-241 has no resonance pa rame te r s , a 
' ^ ' ^ " a r e ' d t ^he^^ENDF/B format including resolved and un-version was prepared m * e J ^ N U V p^_^^^ ^^^ ^^^^ p ^ ^ . 

resolved resonance p a . a t . e t ^ r s ^ J h i s ver ^ ^ ^ ^ ^ ^ ^ ^ , , , „ , , , i, 

: : r s r o r a r S c ? " l S r T t a p ' e " Thus, MC^^alculations can be made m 
which Pu-241 is shielded in the resonance region. 

FORTRAN program UR was originally written about a year ago 

capture and fission cross sections. The most recent mo calcu-
of a new subroutine to perform the numerical -^egra t ion involved m c a l c u 
latmg the fluctuation integrals. This new subroutine is - ^ - ^ ^^ ^^J^^;^^"/ 
fast as the old one, and makes the speed of the program quite acceptable 
rather than too slow. 

A routine based on the method used in UR has been added to 
program MAGIC, which plots data from the MC^ library tape on the CDC-
3600. Thus unresolved resonance cross sections can now be plotted. 

b. Reactor Computations and Code Development (B. J. Toppel) 

Last Reported: ANL-7561, pp. 61-63 (March 1969). 

(i) Tests of PERTID. The one-dimensional perturbation-
theory module a ; i d 7 m : i 7 ^ n i I ^ I T t a n d a r d path. PERT ID. have been tested 
with respect to buckling changes for a parallelepiped reactor . This reactor 
has four regions with the same compositions as were used previously (see 
Progress Report for February 1969. ANL-7553. pp. 77-80). The outer di­
mensions of these regions were 9.2085. 54.0035. 94.3083. and 148.4063 cm 
dimensions chosen such that a parallelepiped reactor with a bare height of 
200 cm would have the same regional volumes as the cylindrical reactor 
that was previously considered. 
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Problem 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

A h | 

•2 

•2 

•2 

•4 

•4 

•2 

Reg 

1-4 

1-4 

1-4 

1 

1 

1.3 

A<1 

•2 

*2 

•2 

*Z 

-3 

Reg 

1-4 

1-4 

2 

2 

2.4 

atl2 

-2 

-2 

-2 

-4 

-4 

*i 

Reg 

1-4 

1-4 

1-4 

3 

3 

1,4 

A i 2 

-2 

-2 

-10 

-10 

-1 

Reg 

1-4 

1-4 

4 

4 

2.3 

A buckling search with PATHSH was used to find the crit­

ical transverse heights. It was found that with an extrapolation distance of 

16 cm, the critical half-height of 

TABLE IV.A.l. Buckling Changes Iw ParalleloiiipeO Reactor each of the two transverse direc­

tions was 101.96 cm. With use of 

these transverse heights a PATHID 

(one-dimensional diffusion theory) 

problem was run to generate the 

real and the adjoint fluxes for use 

by PERTID. 

The perturbations are shown 

in Table IV.A.l. where Ah, refers 

to a change in the half-height in the 

ith transverse direction, A£̂  to a 

change in extrapolation distance, 

and Reg relates for which regions 

the perturbation applies. 

The results of these calculations are given in Table IV.A.2. 

Previously diffusion-theory computations had been used to check of accuracy 

of those from PERTID. However, because of difficulty in distinguishing 

discrepancies arising from the errors in per­

turbation theory from those arising from poten­

tial blunders in the programming of PERTID. 

the DEL perturbation code in MACHl* is used 

to check the PERTID computations. From 

Table IV.A.2 we see that the discrepancy be­

tween the results of PERTID and of D*EL-

MACHl is always less than 1%. which is sat­

isfactory agreement. 

Further comparisons were 

made for perturbations in the volume fraction 

of compositions for the cylindrical reactor con­

sidered previously. The results of these per­

turbations are summarized in Table IV. A.3. In 

the first four problems, the volume fraction of the composition normally 

assigned to a region was changed; in the last four problems the composition 

normally assigned to a region was augmented by a portion of another com­

position. The discrepancies between the results of PERTID and MACHl-

DEL range between 2.7 and 6%, too large to be acceptable. Study of the 

output from the two codes revealed discrepancies of this range of magnitudes 

in all terms contributing to Ak/k (or Ak/k^) and that the perturbations in 

the macroscopic cross sections were identical. It would seem that the 

TABLE IV.A.2. Comparison ol PERTIO anil o a 
Computalions for Paralleloptped Reactor 

Problem 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 

AIcA^ 

PERTID 

0.X1OM6 
-0.0011254 
•000005580 
O.ODlOm 

-O.0OU254 
•0.00022352 
0.00023717 
0.0OOW738 

-0.00008770 
-0000000518 
0.0010563 

•0.0019238 

DEL^MACHl 

0.X10611 
•0.0011165 
•000005540 
0X10611 

-0.M11165 
•0.00022111 
000023618 
000069950 

•000008752 
•0000000522 
O.X10476 

•0.M19073 

*Meneley. D. A., et al., ANL-7223 (1966). 
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. hon ld a r i s e b e c a u s e of n o t i c e a b l e d i f f e r e n c e s in the flux d i s -

x'ir.ti'*r:::u:r.roVr : r " r<..... .I.=..P.»=I.. --"» 
t h e t w o p e r t u r b a t i o n t h e o r y c o d e s i s c o n t i n u m g . 

f TJITRTID and M A C H - D E L C o m p u t a t i o n s TABLE IV.A.3 . C o m p a r i s o n o f P E R l l U ana i 
for Compos i t i on P e r t u r b a t i o n s 

Region 

I 

2 

3 

4 

4 

2 

3 

I 

Compos i t ion 

I 

2 

3 

4 

6^ 

6^ 

2 

5b 

Change in 
Volume 

F r a c t i o n 

0.01 

-0 .001 

0.01 

1.0 

0.0001 

O.OOOI 

0.001 

0.0001 

Ak /k by 
M A C H - D E L 

-8 .0031 X 1 0 " ' 

-3 .8165 X 10"" 

5.0425 X 10"^ 

-6 .9550 X 10" ' 

9.6307 X 1 0 " ' 

3.1265 X 10"^ 

2.5962 X 10"^ 

-9 .1330 X 10"* 

Ak/k^ by 
P E R T I D 

-8 .4839 X l O " ' 

-4 .0025 X 10"* 

5.2614 X 10"^ 

- 7 . I 4 2 I X 10"' ' 

10.0054 X l O " ' 

3.2799 X 10"^ 

2.7206 X 10"* 

-9 .4908 X lO"* 

P e r c e n t 
D i f f e r ence 

6.0 

4.9 

4 .3 

2.7 

3.9 

4.9 

4.8 

3.9 

^Compos i t ion 6 is ' " U with an a tom dens i ty of lO 'V'^ '^ ' -
' 'Compos i t ion 5 is ' " B with an a tom dens i ty of 10 / c m . 

( i i) S p a t i a l S y n t h e s i s i n t h e A R C S y s t e m . A m o d i f i c a t i o n of 

t h e f u n c t i o n a l u s e d a s a b a s i s f o r t h e v a r i a t i o n a l s y n t h e s i s c o d e i n t h e 

A R C s y s t e m h a s b e e n f o r m u l a t e d a n d h a s b e e n i n c o r p o r a t e d i n t o t h e c o d e . 

T h e m o d i f i c a t i o n w a s n e e d e d i n o r d e r t o i n c r e a s e t h e r a n g e of b o u n d a r y 

c o n d i t i o n s t h a t t h e c o d e m a y t r e a t p r o p e r l y . F o r i t s p r e s e n t v e r s i o n t h e 

c o d e w i l l a c c e p t z e r o f l ux , z e r o d e r i v a t i v e s , o r g r o u p - d e p e n d e n t l o g a r i t h ­

m i c d e r i v a t i v e b o u n d a r y c o n d i t i o n s a t a n y o n e of t h e r e a c t o r b o u n d a r i e s i n 

a n y d e s i r e d c o m b i n a t i o n . T e s t i n g of t h e s e c a p a b i l i t i e s i s n o w u n d e r w a y . 

( i i i ) M C ^ C a p a b i l i t y i n t h e A R C S y s t e m . T h e f u r t h e r t e s t i n g of 

t h e f o u r m o d u l e s c o m p r i s i n g t h e UC^ c a p a b i l i t y i n t h e A R C s y s t e m a n d 

t h e r e l a t e d M C ^ s t a n d a r d p a t h s c o n t i n u e s . A c o r r e c t i o n w a s m a d e i n s u b ­

r o u t i n e ALRAGJZ^* t o r e c t i f y a n u n d e r f l o w e r r o r c a u s e d w h i l e c o n v e r t i n g 

t h e e l a s t i c t r a n s f e r c r o s s s e c t i o n s f r o m a m a c r o s c o p i c t o a m i c r o s c o p i c 

q u a n t i t y . A l s o , a n e r r o r i n A V E R l * c a u s i n g t h e l o w e s t e n e r g y b r o a d g r o u p 

t o h a v e w r o n g v a l u e s f o r t h e a v e r a g e t r a n s p o r t a n d a n i s o t r o p i c s e l f -

s c a t t e r i n g c r o s s s e c t i o n s w a s d e t e c t e d a n d c o r r e c t e d . 

* Toppel, B. J., et aU, ANL-1318 (1967). 
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Modifications made in the modules providing the MC^ capa­
bility and the user input data module A.SXXPC* now permits one to add iso­
topes to a new or existing microscopic group cross sections data module 
XS.ISp. The versati l i ty of this modification allows one to include at a later 
t ime additional isotopes. 

Another recent development being explored is the recom­
piling of all source programs to produce new object modules of all the sub­
routines and path dr ivers which provide the MC^ capability. This has been 
done by using the F0RTRAN (H) 0 P T = 2 (optimization) compiler which 
will become available for general use with the 0S/36O release 17 MVT** 
(Multiprogramming with a Variable number of Tasks). Problems involving 
a variety of input options a re now being tested with this new compiler and 
compared with previous reliable runs. Currently, the various subroutines 
which represent the MC^ capability have been compiled using the presently 
available F0RTRAN (H) 0 P T = 0.1 .2 and FORTRAN (G) compilers . It 
has been necessary to invoke all these options for the various subroutines 
in order to get correctly compiled modules. The significance of success ­
fully recompiling all the subroutines and path dr ivers of the associated 
modules of MC^ with a single compiler and optimization will allow a r e ­
organization of the subroutines and provide the user with a c lea re r r ep re ­
sentation of the s t ructure for each module. 

(iv) Cross-sect ion Modification in ARC. An ARC system mod­
ule which modifies isotopic group cross sections according to the algorithm 

a = Aa + B 
* 

is now available for production use. Any user of the ARC standard paths 
STPOOl, STP002. STP003. STP004, and STP005 may invoke the module 
by including a type ZQ_ card, with the modified format described below, in 
the general neutronics input data set A.NIP.'^ 

FORMAT of Type 20 Card of A.NIP 

20 Run-time Cross Section Modifiers (12. 4X. A6. 316, 6X. 2E12.5, 216) 

Cols. 7-12 Isotope Label 

Cols. 13-18 Cross-sec t ion type being modified 

1 Ofj. t ransport c ross section 

2 o^ r a d i a t i v e c a p t u r e (n.7) c r o s s s e c t i o n 

* 2 
Stenberg, C. G., Modification of User Input to MC in the ARC System, RP Internal Technical 
Memorandum (April 29, 1969). 
Operating System/360 - MVT. ANL Digital Computing Center Newsletter No. 12 (May 1969). 

^Toppel, B. J., ANL-7332 (Nov 1967). p. 247. 



3 Oĵ  Q^(n,a) c r o s s s e c t i o n 

4 CTn,p("'P) c r o s s s e c t i o n 

5 Of f i s s i on c r o s s s e c t i o n 

6 VOr n u m b e r of f i s s i o n n e u t r o n s p e r f i s s i o n t i m e s f i s s i on 
c r o s s s e c t i o n 

7 O e i O ^ j ) i s o t r o p i c e l a s t i c s e l f - s c a t t e r i n g c o n s i s t e n t w i th 
a n i s o t r o p i c t o t a l c r o s s s e c t i o n 

70 a(-^) i n e l a s t i c s c a t t e r c r o s s s e c t i o n for a l l L e g e n d r e o r d e r s 
in 

71 a^°) i n e l a s t i c s c a t t e r c r o s s s e c t i o n for i s o t r o p i c s c a t t e r 
in 

72 0^') i n e l a s t i c s c a t t e r c r o s s s e c t i o n for l i n e a r a n i s o t r o p i c 
m 

s c a t t e r 

80 0^7 e l a s t i c s c a t t e r c r o s s s e c t i o n for a l l L e g e n d r e o r d e r s 

81 C^°l e l a s t i c s c a t t e r c r o s s s e c t i o n for i s o t r o p i c s c a t t e r 
el 

82 a^'-' e l a s t i c s c a t t e r c r o s s s e c t i o n for l i n e a r a n i s o t r o p i c s c a t t e r 
el 

90 o^ ' (n,2n) c r o s s s e c t i o n for a l l L e g e n d r e o r d e r s 
n.2n 

91 0^°' (n.2n) c r o s s s e c t i o n for i s o t r o p i c s c a t t e r 

92 a ' ' ' (n.2n) c r o s s s e c t i o n for l i n e a r a n i s o t r o p i c s c a t t e r 
n.2n 

C o l s . 19 -24 G r o u p N u m b e r I F l 

C o l s . 2 5 - 3 0 G r o u p N u m b e r I F 2 ( I F 2 > I F l ) 

C o l s . 3 7 - 4 8 C r o s s S e c t i o n M o d i f i e r C o n s t a n t A 

C o l s . 4 9 - 6 0 C r o s s S e c t i o n Mod i f i e r C o n s t a n t B 

C o l s . 6 1 - 6 6 G r o u p N u m b e r I I I 

C o l s . 6 7 - 7 2 G r o u p N u m b e r 112 (lI2=:IIl) 

I. If t he c r o s s s e c t i o n t ype x in C o l s . 13- 18 is x ^ 7 . 
t h e n C o l s . 6 1 - 7 2 a r e n e g l e c t e d and the type x c r o s s s e c t i o n s for g r o u p s I F l 
t h r o u g h I F 2 a r e m o d i f i e d . If C o l s . 19 -24 a r e b lank , the c o n s t a n t s g iven in 
C o l s . 3 7 - 6 0 w i l l be a p p l i e d to a l l e n e r g y g r o u p s . If C o l s . 25 -30 a r e b lank , 
t he c o n s t a n t s w i l l be a p p l i e d to the g r o u p g iven in C o l s . 19 -24 . 

I I . If t he c r o s s s e c t i o n type x in C o l s . 13-18 i s x S l o , 
t h e n t h e s c a t t e r i n g m a t r i x i s mod i f i ed a c c o r d i n g to the s a m e a l g o r i t h m . 
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Ox(g^g ' ) = B •̂  A a x ( g - g ' ) . 

In th i s c a s e 

C o l s . 19-24 I F l i s the h i g h e r - e n e r g y final g r o u p n u m b e r of the s c a t t e r e d 
p a r t i c l e s for wh ich c o n s t a n t s apply 

C o l s . 25 -30 IF2 is the l o w e r - e n e r g y g r o u p n u m b e r of the s c a t t e r e d p a r ­
t i c l e s for which c o n s t a n t s apply 

C o l s . 61 -66 III is the h i g h e r - e n e r g y in i t i a l g r o u p n u m b e r of the inc iden t 
p a r t i c l e s for which c o n s t a n t s apply 

C o l s . 67-72 112 is the l o w e r - e n e r g y in i t i a l g roup n u m b e r of the inc iden t 
p a r t i c l e s for which c o n s t a n t s apply 

e .g . , If I F l = 3, IF2 = 5, 111 = 4, 112 = 5, then 

a x ( 4 - 3 ) , Ox(4-4) . a x ( 4 - 5 ) , 0 ^ ( 5 - 3 ) . 0 ^ ( 5 - 4 ) , a x ( 5 - 5 ) 

a r e modi f i ed . 

If C o l s . 61 -66 a r e blank, the c o n s t a n t s given in 
C o l s . 37-60 wi l l be app l ied to al l g r o u p s of inc iden t p a r t i c l e s . If C o l s . 67-
72 a r e blank, the c o n s t a n t s wil l be appl ied to the g r o u p given in C o l s . 6 1 - 6 6 . 
If C o l s . 19-24 a r e blank, the c o n s t a n t s wil l be appl ied for a s ing le group 
down s c a t t e r for the g r o u p s a s spec i f i ed in C o l s . 61 -72 , 

Ox(II l - I I l - l - l ) , Ox( I I l - t - l - I IU2) . Ox(II2-II2-H). 

If C o l s . 2 5 - 3 0 a r e b lank the c o n s t a n t s wi l l be appl ied to the g roup of 
s c a t t e r e d p a r t i c l e s g iven in C o l s . 19-24 . 

(v) F u e l - c y c l e P a c k a g e 

L a s t R e p o r t e d : A N L - 7 5 4 8 , pp. 82-83 (Jan 1969). 

The p r e l i m i n a r y s e a r c h p r o c e d u r e d e s c r i b e d p r e v i o u s l y 
( s ee A N L - 7 5 4 8 ) does not r e d u c e to an a c c e p t a b l e l eve l the r a n g e of e n r i c h ­
m e n t and b u r n - t i m e a d j u s t m e n t s which m u s t be m a d e by the m o r e a c c u r a t e 
but s l o w e r final s e a r c h p r o c e d u r e s . B e c a u s e of t h i s , an i n t e r m e d i a t e s e a r c h 
p r o c e d u r e was deve loped to n a r r o w the r a n g e of e n r i c h m e n t and b u r n - t i m e 
a d j u s t m e n t s . T h u s , t h e r e a r e now t h r e e l e v e l s of s e a r c h p r o c e d u r e s in the 
f u e l - c y c l e p a c k a g e . In the p r e l i m i n a r y s e a r c h p r o c e d u r e , one b u r n - s t e p 
s u b i n t e r v a l i s u t i l i z ed in obta in ing the cyc l i c m o d e * with an e n r i c h m e n t and 
b u r n - s t e p t i m e spec i f i ed a s input . At th i s point the b u r n - s t e p t i m e t h a t w o u l d 

*Reactor Physics Division Annual Report, ANL-7310 (Jan 1968). pp. 493-501. 
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give the d e s i r e d burnup is e s t i m a t e d . By u s e of t h i s b u r n - s t e p t i m e and a 
second e n r i c h m e n t spec i f i ed in the input, the c y c l i c m o d e i s a g a i n o b t a i n e . 
A l i n e a r s e a r c h of e n r i c h m e n t v e r s u s the m u l t i p l i c a t i o n c o n s t a n t i s t h e n 
in i t i a t ed unt i l an e n r i c h m e n t i s ob ta ined wh ich g ive s the d e s i r e d m u l t i p l i c a ­
t ion cons t an t at the spec i f ied t i m e in the c y c l e . 

In the i n t e r m e d i a t e s e a r c h p r o c e d u r e , the m o r e g e n e r a l 
s e a r c h p r o c e d u r e s * a r e in i t i a t ed wi th the e x c e p t i o n t h a t the i t e r a t i o n s on 
the flux so lu t ion* at each t i m e point in t he cyc l e and the i t e r a t i o n s on t h e 
cycl ic mode a r e not done . Using t h e s e p r o c e d u r e s the b u r n - t i m e sa t i s fy ing 
the d e s i r e d burnup and the e n r i c h m e n t giving the d e s i r e d m u l t i p l i c a t i o n 
cons tan t at the spec i f ied t i m e in the c y c l e a r e o b t a i n e d . 

The final s e a r c h p r o c e d u r e wi th i t e r a t i o n s on the flux s o l u ­
t ion at each t i m e poin t and i t e r a t i o n s on the c y c l i c m o d e i s t h e n i n i t i a t e d . 

A b a s i c change in the b u r n u p s e a r c h p r o c e d u r e w a s m a d e . 
In the new p r o c e d u r e , the b u r n u p is c a l c u l a t e d a f t e r ob t a in ing the c y c l i c 
m o d e . At th i s po in t a s e a r c h of b u r n u p v e r s u s b u r n t i m e is now p e r f o r m e d 
us ing the p r e v i o u s l y c a l c u l a t e d p o w e r - n o r m a l i z e d f luxes un t i l t he d e s i r e d 
bu rnup is ob ta ined . In the old b u r n u p s e a r c h p r o c e d u r e , the f luxes at each 
t i m e poin t and the cyc l i c m o d e would h a v e b e e n ob t a ined for each b u r n -
t i m e e s t i m a t e . 

T h e m e s h po in t f luxes in F R . D 2 * * at e a c h t i m e po in t in 
t he cyc l e a r e now s a v e d a s s e p a r a t e d a t a s e t s . T h e s e a r e u s e d a s i n i t i a l 
flux g u e s s e s a t e a c h c o r r e s p o n d i n g t i m e po in t in the c y c l e d u r i n g the e n ­
r i c h m e n t and c o n t r o l s e a r c h e s . T h i s r e d u c e s the n u m b e r of o u t e r i t e r a t i o n s 
r e q u i r e d by the d i f f u s i o n - t h e o r y code DIF2D and s a v e s on c o m p u t e r t i m e . 

T h e above p r o c e d u r e s h a v e r e d u c e d the r e q u i r e d r u n t i m e 
by a f a c t o r of 2 to 3 wi th no l o s s in a c c u r a c y . 

Debugg ing of the f u e l - c y c l e p a c k a g e h a s p r o c e e d e d to the 
po in t t h a t u s e r s m a y so lve e q u i l i b r i u m f u e l - c y c l e p r o b l e m s which do not 
r e q u i r e t h e s p e c i f i c a t i o n s of an e x t e r n a l c y c l e . The e x t e r n a l c y c l e op t ions 
wi l l be t e s t e d in t h e n e a r f u t u r e . 

Ibid., see previous page. 
* + Toppel, B. J., ANL-7332 (Nov 1967). 
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2. Nuclear Data 

a. Cross Section Measurements (C. E. Crouthamel and 
N. D. Dudey) 

(i) Integral Cross Section Measurements 

Last Reported: ANL-7561, pp. 63-65 (March 1969). 

Prel iminary flux levels in EBR-II have been determined 
from react ion-rate data (see ANL-7561) obtained in the EBR-II Dosimetry 
Test Experiment (Run 31F). The calculation method employed will be de­
scribed in detail elsewhere. Briefly, the technique was to compute spectrum-
averaged cross sections from published differential c ross-sect ion data and 
from a two-dimensional diffusion-theory calculation that was supplied by the 
EBR-II project of the neutron spectral distributions. The 22-group calcu­
lated spectra were smoothed by an analytical distribution, normalized to 
the calculated number of neutrons within each energy interval. The product 
integrals /a(E)0(E)dE//0(E)dE were numerically integrated to provide a 
calculated spectrum-averaged cross section o^ for each sample location. 
The flux values were then determined from the measured reaction rates 
and the computed spectrum-averaged cross sections. Table IV.A.4 sum­
mar izes the preliminary results of the analysis of our data from Run 31F. 

TABLE IV.A.4. Preliminary EBR-ll riu« Determinatione from Run 3IF 

Row 2 
(5.9 cm) 

Row 4 
(15.6 cm) 

Row 6 
(27.0 cm) 

Row 7 
(31.2 cm) 

Reac t ion 

" F e ( n , p ) 
"Ni (n .p ) 
" T i ( n , p ) 
" ' A u ( n , 7 ) 
"Scln.v) 

" F e ( n , p ) 
" N i l n . p ) 
" T i ( n , p ) 
"'Au(n,-y) 
*»Sc(n.7) 

" F . ( n . p ) 
"Ni (n .p ) 
* 'Ti(n.p) 
" 'Au(n ,7 ) 
" S c ( n , 7 ) 

" F e ( n , p ) 
"N i (n ,p ) 
• 'T i (n .p ) 
" ' A u ( n . 7 ) 
"Sc(n.-v) 

Reac t ion Rate 

( ' ^ 
\ M W 

5.71 X 
8.43 X 

7.4 X 
8.09 X 
5.02 X 

5.50 X 
7.59 X 

6.9 X 
7.85 X 
5.19 X 

3.00 X 
4.52 X 

3.9 X 
6.07 X 
4.41 X 

1.10 X 
1.57 X 

1.4 X 
5.63 X 
3.03 X 

- D / 

1 0 - ' 
1 0 - ' 
1 0 - ' 
1 0 - ' 
1 0 - ' 

1 0 - ' 
1 0 - ' 
1 0 - ' 
1 0 - ' 
1 0 - ' 

1 0 " ' 
1 0 - ' 
1 0 - ' 
1 0 - ' 
1 0 - ' 

1 0 - ' 
1 0 - ' 
1 0 - ' 
1 0 - ' 
1 0 - ' 

(mb) 

15.3 
23.0 

1.97 
2 2 2 

13.9 

16.5 
24.5 

2.13 
2 1 4 

13.4 

15.0 
22.3 

1.96 
2 3 2 

14.5 

8.59 
12.7 

1.13 
2 7 6 

17.0 

*/MW,* 

r " 1 L(cm' ) ( . ec ) (MWy 

4.31 X 
4.22 X 
4.32 X 
4.22 X 
4.18 X 

3.47 X 
3.58 X 
3.75 X 
4.24 X 
4.48 X 

2.31 X 
2.33 X 
2.31 X 
3.02 X 
3.50 X 

1.48 X 
1.42 X 
1.43 X 
2.36 X 
2.06 X 

1 0 " 

1 0 " 

1 0 " 

1 0 " 

1 0 " 

1 0 " 

1 0 " 

1 0 " 

1 0 " 

1 0 " 

1 0 " 

1 0 " 

1 0 " 

1 0 " 

1 0 " 

1 0 " 

1 0 " 

1 0 " 

1 0 " 

1 0 " 

r n "I 
L(cm»)(,ec!j 

2.29 X 1 0 " 
2.23 X l o " 
2.30 X 1 0 " 
2.23 X 1 0 " 
2.21 X 1 0 " 

2.03 X l o " 
2.10 X 1 0 " 
2.19 X 1 0 " 
2.48 X 1 0 " 
2.62 X 1 0 " 

1.90 X 1 0 " 
1.92 X 1 0 " 
1.90 X l O " 
2.48 X l o " 
2.88 X 1 0 " 

1.68 X 1 0 " 
1.61 X 1 0 " 
1.62 X 1 0 " 
2.68 X l o " 
2.34 X l O " 

*At sample position. 



Column4 lists the calculated spectrum-averaged cross sections at the r e ­
spective sample locations (all of our samples were axially located ~5 cm 
below reactor midplane), column 5 lists the calculated flux per megawatt 
at the sample position, and column 6 lists the calculated total flux corrected 
(on the basis of the diffusion-theory calculation) to core center. 

The average of five flux-monitor reactions from Row 2 indi­
cate a core center flux value of 2.25 x lO'^ n/(cm^)(sec) with an est imated 
uncertainty of ±10 to 20%. This value is in substantial agreement with the 
value of 2.5 x lO'^ n/(cm2)(sec) reported by the EBR-II Project . The^flux 
values derived from our dosimetry measurements indicate a "softer" 
spectrum than that calculated by diffusion theory as the radial distance 
from the core center is increased; however, any quantitative interpretat ion 
must await further analysis. 

A summary of preliminary results of all part icipants in the 
Dosimetry Test Experiment has been compiled by P N L / A N L . * The sum­
mary reports only the experimenters ' data from Row 2; measurements a re 
presented for both 50-MW (Run 31F) and 0.084-MW (Run 31E) reac tor power 
levels. From these summarized results , their assigned standard deviations, 
and our spectrum-averaged cross sections, we have computed the flux per 
megawatt at both high and low power. These calculated values are given in 
Table IV.A.5. Column 2 lists the average values of the saturated activities 

TABLE IV.A.5. Calculated O/MW for Higii- and Low-power Runs Derived from 
Average Saturated Activities of All Experimenters (Row 2 data only) 

React ion 

" F e ( n , p ) 
='Ni(n,p) 
" T i ( n , p ) 
" 'Au(n,7) 
«Sc(n,7) 
"=U(n,f) 

" F e ( n , p ) 
' 'NKn.p) 
"T i (n ,p ) 
" 'Au(n ,7) 
«Sc(n,7) 
" 'U(n , f ) 

A„ 
( d / s / n u c l e u s ) 

3.74 X 
5.21 X 
4.89 X 
4.97 X 
3.08 X 
2.90 X 

6.26 X 
8.69 X 
8.63 X 
1,35 X 
6.72 X 
5.28 X 

1 0 - " ± 
1 0 - " ± 
1 0 - " + 
10- '° ± 
1 0 - " ± 
1 0 - ' ± 

1 0 - " ± 
1 0 - " ± 
10- '^ ± 
10- '^ ± 
1 0 - " ± 
10- '^ ± 

Hi ; 

3.1% 
8.1% 
4.9% 
8%'' 
8%'' 
5.0% 

gh P o w e r 

Average 2 

L o w 

1.7% 
3.5% 
10%'' 
25'%'' 
15%'' 
5.1% 

P o w e r - -

Average (excluding Au) 4 

*. 
r " 1 L(cm^)(sec)J 

- - 5 0 MW 

2,44 X 10'= 
2.26 X 1 0 " 
2.48 X 1 0 " 
2.24 X l O " 
2.22 X l O " 
2.09 X 1 0 " 

.29 ± 0.28 X 1 0 " 

0.084 MW 

4.09 X 10'^ 
3.78 X 10'^ 
4.38 X 1 0 " 

(6.08 X 10") 
4.84 X l o " 
3.81 X 1 0 " 

.18 ± 0,51 X 1 0 " 

r 
<t>/MW,^ 

L(cm^: 

4.88 
4.53 
4.96 
4.48 
4.42 
4.19 
4.57 

4.86 
4.50 
5.22 

(7.24 
5.77 
4,54 
4,97 

X 

X 

X 

X 

X 

X 

+ 

X 

X 

X 

X 

X 

X 

+ 

1 l(sec)(MW)J 

l O " ± 10,4% 
1 0 " ± 12.8% 
l o " ± 11.2% 
1 0 " + 12.8% 
1 0 " ± 12.8% 
1 0 " + 11.2% 
0.56 X 1 0 " 

1 0 " ± 10.2% 
l O " ± 10.6% 
l O " + 14.1% 
10") 
1 0 " ± 18.0% 
1 0 " ± 11.2% 
0.62 X 1 0 " 

Assigned errors assume a 10% uncertainty in o^. 
These uncertainties have been estimated because only one measurement was reported at 
each power level, and the results of high- and low-power measurements were reported by 
different laboratories. 

+ BNWL-CC-2076. 
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(d/s /nucleus) reported in BNWL-CC-2076. column 3 l ists the total flux 
computed for Row 2 core-midplane. and column 4 l ists the computed flux 
per megawatt. Because of the uncertainties in the computed values, it is 
difficult to make any definitive statement concerning the variation of flux 
or spectral shape between high and low power. Fur ther evaluation of these 
Row 2 data, and data from Rows 4, 6. and 7 will continue. 

t>. Burnup Analysis and Fission Yields for Fast Reactors 
(R. P . Larsen) " 

(i) Absolute Fast Fission Yield Determinations of Monitors for 
the Calculations of Relative Burnup in Fuels Containing 
Two Fissi le Nuclides 

Last Reported: ANL-7513. p. 95 (Oct 1968). 

An irradiation is being carr ied out in EBR-II to provide 
mater ia l s for (1) determination of fast-fission yields of burnup monitors 
and study of nonfission nuclear transformations, and (2) calculations of 
relative burnup in fuels containing two fissile nuclides. The mater ia ls that 
are being irradiated are "^U, "^U. " ' P u , ^^°Pu, " ' P u , "^Th. and " ' N p . 
The irradiation, which began in December 1966. is estimated to be about 
50% complete at the present time. 

The subassembly in which these mater ia l s are being i r r a ­
diated. XO-18. was removed from the reactor in March 1969 for reconst i t -
ution (see P r o g r e s s Report for March 1969. ANL-7561. p. 37). The 
subassembly was returned to the reactor during April. 

(ii) Development of Analytical Procedures for Fission Product 
Burnup Monitors 

Last Reported: ANL-7548, pp. 83-85 (Jan 1969). 

(a) X-ray Spectrometric Determination of Rare Earth 
Fission Products . Development of a method for determining r a re earth 
fission products by X-ray spectrometry is continuing. In the procedure, an 
internal standard (a r a r e earth not produced in fission) is added to the sam­
ple; the r a r e ear ths are then separated from interferences, mounted on an 
aluminum plate, and assayed X-ray spectrometr ical ly . Terbium is being 
used as the internal standard. The advantages of terbium as an internal 
standard and the precision attained by the use of line-intensity ratios ( ra re 
ear th- to- terb ium) have been discussed previously (see P r o g r e s s Report for 
January 1968, ANL-7419. pp. 97-98). 
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Present efforts are being directed to the problem of 
interelemental interference in the X-ray spectrometr ic assay of the sep­
arated ra re earths. Although adequate precision has been demonstrated m 
previous experiments (see ANL-7548), the accuracy of the method will de­
pend upon our ability to make corrections for any interelemental in ter fer ­
ences. These include the effects of one r a re earth upon another and of 
cesium and barium (fission products that are not separated from the r a r e 
earths in the procedure) upon the individual r a re ear ths . Poss ible in ter ­
ferences were assessed by X-ray spectrometric measurements of relat ively 
large amounts (~1 mg) of the individual elements at appropriate wave­
lengths. Where significant interferences were observed (in a few cases , 
these were as large as 40%). intensity relationships were accurately es tab­
lished; these were used as coefficients in a set of simultaneous equations by 
which the necessary corrections are made. 

Because of the many complex interrelat ionships that 
must be considered, a small computer program was devised to handle data 
reduction by converting the measured line intensities to mic rograms of each 
ra re earth. The ability of the computer program to make the appropriate 
corrections was tested in the following experiment. A ser ies of plates con­
taining microgram amounts of "fission product" r a re earths and terbium 
internal standard were prepared by direct electroplating and were analyzed 
X-ray spectrometrically. Plates of individual r a re earths served as "stan­
dards;" mixtures of the r a re earths, with and without added cesium and 
barium, served as "unknowns." The amounts of the individual r a r e ear ths 
in the standards and unknowns were kept constant, as was the amount of 
terbium internal standard. The intensity ratios ( rare ear th- to- te rb ium) 
for the unknowns, as corrected by the computer program, showed a slight 
negative bias when compared with those of the s tandards. The bias was 
most pronounced (-5%) for lanthanum, the r a re earth with the least ener­
getic X ray. and was least pronounced (-1.1%) for neodymium. the r a r e 
earth with the most energetic X ray. The negative bias was found to resul t 
from mass absorption, which stems from the much la rger amounts of solids 
on the "unknown" plates. To overcome this problem, it is planned to in t ro­
duce an amount of yttrium that will be sufficient to "swamp out" the mass 
absorption effect. 

c. Reactor Code Center (M. Butler) 

Last Reported: ANL-7561, pp. 67-68 (March 1969). 

During the past two-month period, twelve p rograms have been 
incorporated in the Code Center l ibrary . 
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Three of the five written for the IBM 360 computer were sup­
plied by the South African Atomic Energy Board (AEB). They are No. 9, 
FIRES, an extension of the FIRE2 one-dimensional multigroup diffusion 
program; No. 362. WELWING, a buckling calculation program; and No. 363. 
BLAST, a kinetics program for study of accident conditions. In addition. 
IBM has contributed a 360 version of the BAPL PDQ7 program. No. 275. 
and No. 368. the FLANGE2 program for processing E N D F / B thermal-
neutron scattering data, has been received from the Savannah River 
Laboratory. 

Two CDC-3600 programs prepared at ANL have been added; 
NO. 366. CHEMLOC2. describing core heating and cladding-steam reac­
tion following loss of coolant in a water-cooled power reactor, and No 365. 
BOW2. 

CDC-6600 programs incorporated during May were No. 359. 
PUNl. which evaluates unresolved resonance radiative capture integrals 
and related multigroup cross sections, written at BAPL; No. 364. SNEQ, 
a program to solve nonlinear algebraic equations, from KAPL; and a 
6600 version of the 2DB two-dimensional diffusion-burnup program for 
fast reactor analysis, our No. 325. contributed by LASL. A revised 
UNIVAC 1108 version of the original 2DB program has been received 
from Battelle 's Pacific Northwest Laboratory this month as well, along 
with the UNIVAC 1108 ISOGEN program No. 367. for calculating radio­
isotope generation and decay. 

Supplement 2 to ANL-7411, the Center ' s Compilation of P rog ram 
Abstracts , is presently being printed. It contains new abstracts 337 through 
357, as well as some corrections and additions to previously issued ab­
s t rac ts , and should be available for distribution shortly. 
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B. Reac to r F u e l s and M a t e r i a l s D e v e l o p m e n t 

1. F u e l s and Cladding 

a. Behav io r of R e a c t o r M a t e r i a l s 

(i) F u e l E l e m e n t Behav io r Model ing 

(a) Bubble Mig ra t i on Ana lys i s ( R . W . W e e k s and S. R. P a t i ) 

Not p r e v i o u s l y r e p o r t e d . 

In conjunction wi th s tud i e s of f i s s i o n - g a s m i g r a t i o n , an 
ana lys i s of the e l a s t i c i n t e r a c t i o n e n e r g y be tween a bubble and a s t r a i g h t 
d i s loca t ion has been unde r t aken and c o m p l e t e d . * An a p p r o x i m a t e so lu t i on 
for the i n t e r a c t i o n ene rgy a t l a r g e s e p a r a t i o n d i s t a n c e s w a s d e r i v e d f r o m a 
r e s u l t r e p o r t e d by Eshe lby ,** and a m a t h e m a t i c a l l y exac t so lu t ion w a s d e ­
r ived for the l imi t ing ca se when a bubble s i t s s y m m e t r i c a l l y on a s c r e w 
d is loca t ion . When the r e s u l t s a r e combined , a c o m p l e t e p i c t u r e of the 
va r i a t i on of i n t e r a c t i o n e n e r g y wi th d i s t ance i s ob ta ined . T h i s i n f o r m a t i o n 
is now being used to obtain a b e t t e r e s t i m a t e of the c r i t i c a l s i z e a bubble 
m u s t a t ta in before it i s pul led f ree f r o m a d i s l o c a t i o n by a t h e r m a l - g r a d i e n t 
dr iv ing f o r c e . 

(b) Swell ing M e c h a n i s m s and Mode l s for Oxide F u e l 
( R . B . Poeppe l ) 

Las t Repor t ed : A N L - 7 5 4 8 , p . 88 ( j an 1969). 

A p r e l i m i n a r y p r o g r a m w r i t t e n for the ANL 
IBM 3 6 0 / 7 5 / 5 0 compu te r wi l l be run as s u b r o u t i n e P L U T O in con junc t ion 
with a new code (LIFE) to p r e d i c t the i n - p i l e b e h a v i o r of c y l i n d r i c a l o x i d e -
fuel e l e m e n t s (see ANL-7548) . The s u b r o u t i n e c a l c u l a t e s the r e d i s t r i b u t i o n 
of p lu ton ium in a m i x e d - o x i d e fuel u n d e r i n - p i l e c o n d i t i o n s . The flux of 
p lu ton ium is given by t 

7 " = p c P ^ c U D ' g r a d ( T - p D ) g r a d cPu_ 

whe re 

^ P u 
J is the flux of p lu ton ium, g / c m ^ - s e c , coun ted wi th r e s p e c t tc 

the c e n t e r - o f - m a s s ve loc i t y as r e f e r e n c e ve loc i ty , 

p is the dens i t y of the oxide fuel , g / c m ^ , 

Weel<s, R. W., Pati, S. R., Ashby, M. F., and Barrand. P., The Elastic Interaction between a Straight 
Dislocation and a Bubble or a Particle, to be published in Acta Met. 

*'* Eshelby, J. D., Proc. Roy. Soc. (London) A241, 376 (1957). 
TDeGroot, S. R., and Mazur, P., Non-Equilibrium Thermodynamics. No"ii Hnlland Pnhlishino r.n 
Amsterdam (1962), p. 276. 
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c , c a r e c o n c e n t r a t i o n s of p l u t o n i u m and u r a n i u m , r e s p e c t i v e l y , 
w / o , 

D is the diffusion coeff ic ient of p lu ton ium in t he m i x e d ox ide , 
c m y s e c , 

T is the a b s o l u t e t e m p e r a t u r e , °K, and 

D' i s the t h e r m a l diffusion coeff ic ient , c m V s e c - ° K . 

The equa t ion for the t i m e d e r i v a t i v e of the c o n c e n t r a t i o n , 

^ d c P " ^. - P u 

is a l s o u s e d . * 

F o r p u r p o s e s of compu ta t i on , the diffusion coe f f i c i en t s 
a r e a s s u m e d to obey the following s t a n d a r d r e l a t i o n s h i p s : 

D = Do e x p [ Q / R T ] ; 

( D ' / D ) T = a , 

w h e r e DQ, Q , and a a r e cons tan t s , t aken a s g iven va l u e s in the s u b r o u t i n e , 
DO has t he s a m e un i t s a s D, R is the gas c o n s t a n t , Q is g iven in un i t s of 
c a l / m o l e , R in un i t s of c a l / m o l - ° K , and a, wh ich is d i m e n s i o n l e s s , i s the 
t h e r m a l diffusion f a c t o r . * * 

The fuel i s d iv ided info N c o n c e n t r i c , c y l i n d r i c a l 
s h e l l s of equa l m a s s . The p lu ton ium flux b e t w e e n e a c h she l l i s c o m p u t e d , 
and the r e s u l t i s u s e d to c o m p u t e the p l u t o n i u m c o n c e n t r a t i o n in e a c h s h e l l 
a f t e r an i n t e r v a l of t i m e . Data supp l i ed f r o m the m a i n p r o g r a m m u s t 
i nc lude : 

N u m b e r of s h e l l s ; 

R a d i a l p o s i t i o n ( cm) , t e m p e r a t u r e (°K), and t e m p e r a t u r e g r a d i e n t 
( ° K / c m ) a t e a c h she l l b o u n d a r y ; 

D e n s i t y ( g / c m ' ) of fuel in e a c h she l l ; 

T i m e i n t e r v a l ( s ec ) over wh ich diffusion is to be c o m p u t e d ; 

P l u t o n i u m (w/o) c o n c e n t r a t i o n in e a c h s h e l l at the beg inn ing of the 
t i m e i n t e r v a l . 

DeGroot, S. R., and Mazur. P., Ibid., p. 13. 
Beissmenger, H., Bobet 
Vienna, 1967, p. 273. 
Beissmenger, H., Bobet, M., and Schumacher, G., Proc. IAEA Symp. on Plutonium as a Reactor Fuel, 
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PLUTO considers two effects only, namely, thermal 
diffusion in a temperature gradient and chemical diffusion in a concentra­
tion gradient. Among the phenomena that may be important but a re not 
considered are oxygen redistribution, bubble migration, and melting and 
resolidification. 

(ii) Swelling and Gas Release in Metal Fuels (D. R. O'Boyle) 

(a) Interactions between Gas Bubbles and Moving Grain 
Boundaries (S. R. Pati) 

Last Reported: ANL-7548, pp. 89-90 (Jan 1969). 

Knowledge of interactions between gas bubbles and 
moving grain boundaries is important for a better understanding of gas-
release mechanisms in metallic and ceramic fuel mate r ia l s . To improve 
our understanding of these interactions, two Cu-'°B alloys containing 0.083 
and 0.333 a/o boron were irradiated in CP-5 for ten weeks to t ransmute ""B 
to ^He. This irradiation yielded 10"* and 4 x 10"^ atomic fractions of helium 
in the Cu-0.083 a/o " B and the Cy-0.333 a/o '°B alloys, respectively. Spec­
imens from these alloys were annealed at 800-1020°C to obtain helium 
bubbles of different sizes. 

In a prel iminary experiment, the surfaces of two speci­
mens (one of each alloy) were etched, and two grains were plast ical ly de­
formed using 1- and 2-mm-dia Brinell balls , and loads from 10 to 
60 kg. The specimens were recrystal l ized at tempera tures from 600 to 
900°C and polished for metallographic examination. Experimental diffi­
culties encountered in the use of these polycrystalline Cu-B specimens 
(transmuted to obtain helium) to study sweeping of helium bubbles by mov­
ing grain boundaries are summarized below. 

In specimens recrystal l ized at t empera tu res higher 
than 650°C, it was found that the recrystal l izat ion front that originated be­
low the hardness indentation often extended to the original grain boundaries; 
this complicated the evaluation of sweeping. In addition, owing to large dif­
ferences in the atomic weights of copper and boron and poor wetting of 
boron by copper, boron was not uniformly dispersed in copper even after 
the ingot had been remelted seven or eight t imes . Thus, there were regions 
in the alloys where boron, present in the form of elemental boron, ob­
structed the movement of the recrystal l izat ion front. Also, the concentra­
tion of helium obtainable by transmutation of ' " B is limited by the very low 
solubility of boron in copper, and the distribution of helium often was not 
uniform. , 

In order to circumvent these difficulties, helium was 
introduced into single crystals of copper by means of bombardment with 
46-MeV alpha par t ic les . To obtain a uniform concentration of heliiirvi i„ 
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c o p p e r to a dep th of 0.009 in . , a r o t a t i n g a l u m i n u m whee l (va ry ing in t h i c k ­
n e s s f r o m 0.006 to 0.032 in . ) was pos i t i oned in front of the s p e c i m e n du r ing 
a lpha i r r a d i a t i o n . The s p e c i m e n was w a t e r cooled to m a i n t a i n the t e m p e r a ­
t u r e be low 250' 'C. It was p o s s i b l e to i n c r e a s e the h e l i u m c o n c e n t r a t i o n to 
8 X 1 0 ' a t o m f r ac t ion by b o m b a r d m e n t wi th a 10-^A b e a m c u r r e n t for 10 h r . 
In a f i r s t t r i a l wi th t h i s a p p r o a c h , a s ing le c r y s t a l of c o p p e r ( l / 4 by l / 4 by 
1/4 in . ) w a s b o m b a r d e d wi th a lpha p a r t i c l e s to a dose of 7 ^ A - h r and is 
be ing cooled for s u b s e q u e n t e x a m i n a t i o n . 

(b) Solid F i s s i o n - p r o d u c t Swel l ing (A. E. Dwight and 
D. R. O 'Boyle ) 

Not p r e v i o u s l y r e p o r t e d . 

S e v e r a l i n v e s t i g a t o r s * - * * o b s e r v e d , in UOz-PuOj fuel 
i r r a d i a t e d in a fas t n e u t r o n flux, whi te m e t a l l i c i n c l u s i o n s that con ta ined 
the f i s s i on p r o d u c t s m o l y b d e n u m , r u t h e n i u m , t e c h n e t i u m , r h o d i u m , and 
p a l l a d i u m . In one i n v e s t i g a t i o n , m i c r o p r o b e a n a l y s i s p e r f o r m e d on 42 dif­
f e ren t i n c l u s i o n s in the c o l u m n a r - g r a i n reg ion* y ie lded an a p p r o x i m a t e 
c o m p o s i t i o n of 25 w / o Mo, 15 w / o T c , and 50 w / o Ru, with s m a l l e r a m o u n t s 
of r h o d i u m and p a l l a d i u m . The work of B r a m m a n et aT.,** e s t a b l i s h e d that 
the i n c l u s i o n s contain^an i n t e r m e t a l l i c compound with hexagona l c r y s t a l 
s t r u c t u r e (ao = 2.756 A; Co = 4 .426 A) and the following a p p r o x i m a t e c o m ­
pos i t i on : 35 w / o Mo, 20 w / o T c , 35 w / o Ru, and 10 w / o Rh. 

The c r y s t a l s t r u c t u r e and u n i t - c e l l c o n s t a n t s s u g g e s t 
that the compound is b a s e d upon a R u - T c ^ sol id so lu t ion . H o w e v e r , the 

Mo-Rh bir \^ry s y s t e m con t a in s an eps i lon 
phaset+ (see F i g . I V . B . l ) tha t c l o s e l y r e ­
s e m b l e s the hexagona l compound . In o r d e r 
to e s t a b l i s h the g e n e r a l f e a t u r e s of the Mo-
R u - R h t e r n a r y s y s t e m (the dominan t t e r n a r y 
p h a s e d i a g r a m for the f i s s i o n - p r o d u c t in ­
c l u s i o n s ) , four t e r n a r y a l l oys w e r e prepared 
to d e t e r m i n e w h e t h e r the M o - R h eps i l on 
p h a s e is con t inuous and i s o s t r u c t u r a l wi th 
r u t h e n i u m . The a l loys w e r e h o m o g e n i z e d 
at 1150°C, a i r - c o o l e d , and e x a m i n e d by X - r a y 
d i f f rac t ion . The u n i t - c e l l c o n s t a n t s ( s ee 
F i g . IV.B.2) d e m o n s t r a t e tha t the M o - R h 

Fig. IV.B.l. Mo-Rh Equilibrium Diagram eps i l on p h a s e is i s o s t r u c t u r a l with r u t h e n i u m 
(A. E. Dwight) and f o r m s a c o m p l e t e sol id so lu t ion wi th 

"^'Boyle, D. R., Brown, F. L., and Sanecki, J. E., Solid Fission Product Behavior in Uratiium-Pluionium Oxide 
Fuel Irradiated in a Fast Neutron Flux. J. Nucl. Mater. M(l), 27-42 (Jan 1969). 

**Bramman. J. I., Sharpe, R. M., Thom, D., and Yates, G., Metallic Fission-product Inclusions in Irtadiated 
Oxide Fuels, J. Nucl. Matet. 25, 201 (1968). 

"̂ Pearson, W. B.. Handbook of Lattice Spacings and Sguctures of Metals. Pergamon Press (1967). 
'n'Dwight, A. E., "Alloy Chemistry of Th, U and Pu Compounds." Developments in the Alloy Chemistry' of 

Alloy Phaser. B. C. Giessen, ed.. Plenum Press, to be published. 
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M o -r u t h e n i u m . The hexagona l compound thus can be c o n s i d e r e d e i t h e r a 
Rh eps i lon p h a s e or a R u - T c sol id solu t ion . F u r t h e r w o r k i s u n d e r w a y to 
e s t a b l i s h the c r y s t a l s t r u c t u r e of a q u i n a r y a l loy con ta in ing p a l l a d i u m . 

Fig. IV.B.2 

\'' Lattice Parameters and Atomic Volume in the 
Mo-Ru-Rh Ternary System. The literature data 

' are from Pearson, W. B., Handbook of Lattice 
Spacings and Structures of Metals, Pergamon 
Press (1967) 

b . C h e m i s t r y of I r r a d i a t e d F u e l M a t e r i a l s (C. E . C r o u t h a m e l ) 

(i) Deve lopment of Ana ly t i ca l F a c i l i t i e s , M i c r o s t r u c t u r e 
Sampl ing T e c h n i q u e s , and Ana ly t i ca l P r o c e d u r e s for the 
Ana lys i s of I r r a d i a t e d F u e l s 

Las t Repor ted ; A N L - 7 5 5 3 , p . 81 (Feb 1969). 

The Shielded F u e l Eva lua t ion F a c i l i t y i s u n d e r g o i n g s h a k e ­
down and accep tance t e s t s . The i n - c e l l m e t a l l o g r a p h i c e q u i p m e n t for cu t ­
t ing, pol i sh ing , v a c u u m coat ing, and ca thodic e tch ing h a s b e e n c h e c k e d and 
is opera t ing s a t i s f ac to r i l y . The ce l l h a s been f i l led wi th h e l i u m . The g a s -
pur i f ica t ion s y s t e m r e d u c e d the m o i s t u r e l eve l to the t a r g e t va lue of 
5 ppm, but oxygen leve ls a r e s t i l l c o n s i d e r a b l y above t h e t a r g e t va lue of 
5 ppm. Some m i n o r a i r l e a k s , which a r e be ing r e p a i r e d , could a c c o u n t 
for the e x c e s s i v e oxygen l e v e l s . 

The switching device for the p n e u m a t i c s a m p l e - t r a n s f e r 
tube was t e s t ed . It i s being modif ied t o i m p r o v e r e l i a b i l i t y of i t s 
p e r f o r m a n c e . 

(ii) P o s t i r r a d i a t i o n Studies for R e a c t o r F u e l 

L a s t Repor ted : A N L - 7 5 5 3 , p . 81 (Feb 1969). 

E l e c t r o n m i c r o p r o b e s t u d i e s of i r r a d i a t e d U O j - P u O j fue ls 
a r e cont inuing. P r e l i m i n a r y r e s u l t s have b e e n ob ta ined f r o m the e l e c t r o n 
m i c r o p r o b e ana lys i s of SOV-3 , a UO2-2O wt % PuOz fuel p in c lad in Type 304 
s t a i n l e s s s t e e l , which had b e e n i r r a d i a t e d in E B R - I I to 3.7 a t . % b u r n u p . 
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Metallographic photographs of a midplane section of SOV-3 showed large 
part ic les of a "gray," nonmetallic phase distributed throughout the equiaxed 
and unrestructured region of the pin and an appreciable number of metallic 
inclusions in the body of the fuel and near the cladding-fuel matrix interface. 
Fur ther , there was indication of intergranular penetration of the cladding to 
a depth of -90 /im. Recent effort has focused upon studies of the "gray" 
phase and upon the mechanism of the reaction at the cladding-fuel matr ix 
interface. 

Electron microprobe examination of the "gray" phase found 
in the fuel matrix showed it to be principally alumina. X-ray scanning 
images of a typical alumina-containing particle are shown in Fig. IV.B 3 
This part icular particle was located at the cooler end of a long columnar 
grain The tip of the columnar grain is outlined at the right in the speci­
men current image Two longer columnar grains form the upper and lower 
boundaries of the part icle The presence of this phase is the result of an 
AI2O3 impurity introduced into the fuel during a ball-milling operation. 
Alumina that was in the columnar-grain region near the center of the fuel 
was not soluble m the solid UO^-PuOz matrix and migrated outward to the 
cooler equiaxed-grain region. The particle under discussion collected 
around a metallic iron inclusion The alumina acted as a getter for barium 
oxide, cesium oxide, and tellurium oxide (see Fig. IV.B. 3). It has not yet 
been established whether this gray phase is a solid solution or a mixture 
of compounds such as BaO^AlzOj and Cs^GAlzOj. In a cooler location at 
the top of the SOV-3 pin, the alumina part icles did not contain barium, nor 
was any barium present in the surrounding fuel matrix. The alumina par­
ticles did contain cesium, but the cesium had not totally penetrated the 
par t ic les , as evidenced by the small, dens* core of high-purity alumina 
that was found in each part icle. 

Microprobe examination of the metal inclusions in the fuel 
indicated that constituents of the stainless steel cladding had been t r ans ­
ported into the fuel matrix. In the midplsine section of SOV-3, large metal 
inclusions containing iron were found near the boundary of the equiaxial 
and columnar grains, frequently as pure metal. However, in other tem­
perature regions of this fuel, or in other fuels irradiated at different power 
densit ies, iron was often found alloyed with palladium or molybdenum. In 
contrast , chromium penetrated the fuel matrix only slightly and was found 
pr imar i ly in the outer regions of the fuel near the fuel-cladding interface. 
Nickel was found segregated in the cladding grain boundaries, but, in 
general, did not migrate into the fuel matrix. 

Electron probe examination of the fuel-cladding interface 
verified that intergranular attack of the cladding had occurred and showed 
that the mechanism of attack was interaction of the cladding with fission 
products in the fuel. A typical area of intergranular attack is shown in the 
X-ray scanning images in Fig. IV.B.4 In SOV-3, the average depth of 
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a) Specimen Current 
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b) Plutonium 
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c) Uranium 

d) Aluminum e) Barium f) Cesium 

g) Iron h) Tellurium 

Fig. IV.B.3. Electron Microprobe Scanning Images of Aluminum Oxide Particle in Irradiated UO2-
20 wt ic PUO2 Fuel (SOV-3). (All images represent areas 45 microns square.) 
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d) Chromium 
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c) Nickel 

f) Barium 

g) Iodine h) Tellurium 

Fig. IV.B.4. Elecrron Microprobe Scanning Images of Fuel-Cladding Interface in UO2-20 wt % 
Pu02 Fuel (SOV-3). (AU images represent areas 45 microns square.) 
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c ladding a t tack was ~90 ^m. c o m p a r e d wi th a depth of a t t a c k of 40 /^m for 
SOV-6 (see P r o g r e s s R e p o r t for N o v e m b e r 1967, A N L - 7 3 9 9 , p . 121). The 
f e a t u r e of m o s t i n t e r e s t in SOV-3 can be s e e n in F i g . IV .B.4g , w h i c h shows 
for the f i r s t t i m e , the p r e s e n c e of iodine in the a r e a of i n t e r g r a n u l a r a t t a c k . 
The o the r X - r a y s c a n s in F i g . IV.B.4 show the d i s t r i b u t i o n of i r o n , n i c k e l , 
c h r o m i u m , c e s i u m , b a r i u m , and t e l l u r i u m in the a r e a of a t t a c k . 

The p r e s e n c e of iodine in the a r e a s of i n t e r g r a n u l a r a t t a c k 
has led to the hypo thes i s tha t iodine is con t r ibu t ing s ign i f i can t ly t o t he m e c h ­
a n i s m of m e t a l t r a n s p o r t f r o m the c ladding to the fuel m a t r i x . It i s s u g ­
ges t ed that the t r a n s p o r t m e c h a n i s m is s i m i l a r to tha t of the van A r k e l -
de B o e r * p r o c e s s , in which pur i f i ca t ion and vapor depos i t i on of a m e t a l i s 
ach i eved by t h e r m a l d e c o m p o s i t i o n of the m e t a l iod ide . In t h e fuel d u r i n g 
i r r a d i a t i o n , the t r a n s p o r t m e c h a n i s m would involve an i o d i n e - c y c l i n g p r o ­
c e s s in which f i s s i o n - p r o d u c t iodine m i g r a t e s to the c l a d d i n g - f u e l i n t e r f a c e 
and r e a c t s wi th the c ladding, and the m e t a l i od ides f o r m e d v a p o r i z e and a r e 
t r a n s p o r t e d to h i g h - t e m p e r a t u r e zones in the fuel m a t r i x , w h e r e i od ide d e ­
compos i t ion o c c u r s . The p r o c e s s a p p e a r s to be i n i t i a t e d only if t he c l add ing 
t e m p e r a t u r e is high enough to p r o d u c e ( l ) a p p r e c i a b l e iod ine a t t a c k on the 
s t e e l and (2) v a p o r i z a t i o n of the m e t a l l i c i od ides f o r m e d . 

The iod ides of the t h r e e s t a i n l e s s s t e e l c o m p o n e n t s h a v e 
s t ab i l i t i e s at 1000°K** that d e c r e a s e in the following o r d e r : c h r o m o u s 
iodide (AGJ = -26 k c a l / m o l ) , f e r r o u s iodide (AGj = - 1 6 k c a l / m o l ) , and 
n icke lous iodide (AG? = -2 k c a l / m o l ) . The ex ten t of r e a c t i o n of f i s s i o n -
p roduc t iodine wi th the s t a i n l e s s s t e e l c o m p o n e n t s i s p r o b a b l y m o s t a f fec ted 
by the r e l a t i ve vapor p r e s s u r e s of t h e i r i od ides a t t he c l add ing t e m p e r a t u r e ; 
at 900°K f e r r o u s iodide and n i cke lous iodide a r e t h r e e o r d e r s of m a g n i t u d e 
m o r e vola t i le than c h r o m o u s iod ide . 

Although the f r ee e n e r g y va lue s i n d i c a t e t h a t c h r o m o u s 
iodide is m o r e s tab le than f e r r o u s iod ide , S a m u e l and Lockington"'" h a v e 
r e p o r t e d that c h r o m o u s iodide r e a c t s wi th m e t a l l i c i r o n in t he p r e s e n c e of 
a copper ca t a ly s t to f o r m f e r r o u s iodide and m e t a l l i c c h r o m i u m . The d r i v ­
ing force for th i s r e a c t i o n m u s t be the h i g h e r v a p o r p r e s s u r e of f e r r o u s 
iodide . The c o m m e r c i a l p r o c e s s b a s e d on t h i s r e a c t i o n i s u s u a l l y c a r r i e d 
out at t e m p e r a t u r e s be tween 900 and 1150°C. We b e l i e v e tha t s i m i l a r c o n ­
di t ions ex i s t in i r r a d i a t e d fuel, and it shou ld not be s u r p r i s i n g t h a t one 
o b s e r v e s l i t t l e or no t r a n s p o r t of c h r o m i u m f r o m the c l a d d i n g - f u e l i n t e r f a c e . 

The iodine c o n c e n t r a t i o n a v a i l a b l e for m e t a l t r a n s p o r t d u r ­
ing i r r a d i a t i o n is g r e a t l y affected by c o m p e t i n g r e a c t i o n s , i . e . , r e a c t i o n s of 
lodme that do not con t r i bu t e to m e t a l t r a n s p o r t and t h e r e b y l i m i t the a m o u n t 

van Arkel, A. E., and de Boer, J. H., Z. Anorg. Chem. 148, 345 (1925). 
Wicks, C. E., and Block, F. E.. Thermodynamic Properties of 65 Elements, Their Oxides, Halides, Carbides, 
and Nitrides, Bureau of Mines Bulletin 605(1963). 

TSamuel, R. L., and Lockington. N. A., British Patent 656734, August 29. 1951. 



of iodine available An example of such a reaction is the formation of 
cesium iodide. However, even if cesium iodide were formed, it might be 
unstable in a high radiation field, and its decomposition would re lease 
iodine for participation in a van Arkel-de Boer reaction. At present , the 
concentration of available iodine is not known, and further work is needed 
to elucidate the mechanism of metal t ransport . 

Results obtained from laser sampling and gamma-
spectrometr ic analysis of a c ross section of SOV-6 (UO2-PUO2, 2.7 at. % 
burnup) have provided information that lends support to the meta l - t ranspor t 
hypothesis discussed above. The data showed a marked difference in the 
ratio of "' 'Cs to '^''Cs across the radius of the fuel pin. Cesium-137 was 
distributed throughout the fuel pin, whereas ' ' ' 'Cs, which is formed from 
neutron capture by "^Cs (stable), was detected only in samples taken within 
about 0.05 mm of the fuel-cladding interface. This sharp difference in dis­
tribution of the cesium isotopes could result from the differences in the 
half-lives of their iodine p recu r so r s , which are believed to migrate rapidly 
to the cladding. The half-life of ' " l is 21 hr, whereas that of ' " l is only 
24 sec; therefore, considerably less migration of ' " l would be expected 
to occur. 

The only long-lived iodine fission products expected to be 
present in the fuel at this time are '^'l (stable) and '^'l (1.6 x lO' yr), and 
these isotopes would not be detected by gamma spectrometry. However, 
iodine has been detected by spark-source mass spectrometry in a segment 
of the cladding of SOV-6. The concentration of iodine was about one-half 
that of the cesium. Further investigations of the behavior of cesium and 
iodine a re planned. % 

c. Thermodynamics of Fuel Materials 

(i) Total Vapor P r e s s u r e s and Carbon Potentials in the 
Ternary System U-C-Pu (P. E. Blackburn and 
M. Tetenbaum) 

Last Reported: ANL-7548, pp. 91-92 (Jan 1969). 

The study of the vaporization behavior of the uranium-
carbon system is continuing. Measurements of the total p ressu re of 
uranium-bearing species and carbon activity are being made as functions 
of tempera ture and UCx composition, using the transpirat ion method with 
hydrogen-methane mixtures as ca r r i e r gases. Emphasis has been placed 
initially on measuring carbon activities. 

The resul ts of the latest measurements of carbon activity 
as functions of UC^̂  composition at 2155, 2255, 2355, and 2455°K are shown 



150 

in F ig IV B 5 Although the exac t s h a p e s of the i s o t h e r m s shou ld be con­
s i d e r e d t en t a t i ve , they a r e c o n s i s t e n t wi th e x p e c t a t i o n s n a m e l y , a s h a r p 

d e c r e a s e in c a r b o n a c t i v i t y n e a r 
the s t o i c h i o m e t r i c c o m p o s i t i o n of 
u r a n i u m c a r b i d e a s the c o m p o s i ­
t ion of the c o n d e n s e d p h a s e i s r e ­
duced t o w a r d the lower p h a s e 
b o u n d a r y [U(i ) + UC(s) ] in the h y p o -
s t o i c h i o m e t r i c r e g i o n . The p l a t e a u s 
of the 2155, 2255, and 2355°K i s o ­
t h e r m s a r e c o n s i s t e n t w i t h the 
m i s c i b i l i t y gap (UC + jSUCj) shown 
by the p h a s e d i a g r a m p r o p o s e d by 
S t o r m s * for the u r a n i u m - c a r b o n 
s y s t e m . Over the c o m p o s i t i o n 
r ange i n v e s t i g a t e d at 2455°K, the 
shape of the c a r b o n ac t i v i t y c u r v e 
is t y p i c a l of b i v a r i a n t b e h a v i o r and 
is a l so c o n s i s t e n t wi th the p h a s e 
d i a g r a m , which shows a s i n g l e -
p h a s e r eg ion above the m i s c i b i l i t y 

gap, with a c r i t i c a l t e m p e r a t u r e of ~2100°C at c / u = 1.3. C o m p o s i t i o n a l 
va lues for the b o u n d a r i e s of the UC + /3UC2 d iphas i c r eg i o n a t 2155, 2255 , 
and 2355°K de r ived f r o m our m e a s u r e m e n t s a r e given in Tab le I V . B . l . 
The l o w - c a r b o n va lues a r e in good a g r e e m e n t wi th t he c o m p o s i t i o n s e s t i ­
m a t e d f rom the phase d i a g r a m at t he se t e m p e r a t u r e s . The s h a l l o w n e s s of 
the i s o t h e r m s at the h igher c a r b o n c o m p o s i t i o n s m a k e s it diff icult to 
e s t i m a t e the t e r m i n a l compos i t ions of the UC + /3UC2 d i p h a s i c r e g i o n f r o m 
our data . 

Fig. IV.B.5. Activity of Carbon as a Function 
of Composition 

TABLE I V . B . l . Low- and H i g h - c a r b o n C o m p o s i t i o n s 
for Diphas ic Region, UC + pUCz 

„ C o m p o s i t i o n ( c / U ) 
T e m p e r a t u r e 1 

(°K) This Work P h a s e D i a g r a m 

Low Carbon 

High Carbon 

2155 
2255 
2355 

2155 
2255 
2355 

1.05 
1.15 
1.25 

<1 .65 
<1 .65 
<1.60 

1 .13 
1 . 1 4 
1 . 2 0 

1 .61 
1 .50 
1 .35 

Storms, E. K., The Refractory Carbides, Academic Press, New York (1967), Chap. XI. pp. 205-213. 



Calculated values for the free energies and heats for for­
mation are given in Table IV.B.2. The free energy of formation values 
were calculated from our carbon-activity measurements shown in 
Fig. IV.B.5, the adjusted vapor -pressure values of Storms, and 126.5 kca l / 
mol as the heat of vaporization of uranium. Heat of formation values (at 
298°K) were estimated from the calculated free energy of formation values 
and the known free energy functions (fef) for U, UC, oo. "UCj," and graphite. 
The Afef values for UCx compositions were interpolated on the assumption 
that a linear relationship exists for the Afef values between UCi oo and 
UC,.,3. 

TABLE IV.B.2. F r e e Energies and Heats of Format ion for UCx 

( A U values in kca l /mol) 

c/u 

0.98 
1.00 
1.05 
1.10 
1.15 
1.20 
1.30 
1.40 
1.50 
1.60 
1.65 
1.70 
1.80 
1.85 

-AGJ 

-
25.1 
21.4 
24.4 

-
-
-
-
-
-

24.9 
29.9 
30.6 
30.8 

2155''K 

-AFC, 1 f(29a) 

. 
23.0 
19.1 
21.8 

-
-
-
-
-
-

24.7 
24.4 
24.6 
24.6 

-AGJ 

23.6 
24.8 
22.5 
24.6 
25.2 

-
-
-

26.3 
26.8 

-
27.0 
27.9 

-

2255''K 

1(298) 

21.8 
22.9 
20.3 
22.2 
22.5 

-
-
-

21.8 
21.8 

-
2 1 4 
21.8 

-

-ACJ 

23.4 
24.7 
23.1 
25.4 
25.8 
25.8 

-
26.3 
27.0 
27.9 

. 
28.4 
28.4 
^9.3 

2355°K 

-AH?/ 1 

21.5 
22.7 
20.9 
22.9 
23.0 
22.7 

-
22.1 
22.2 
22.6 

. 
22.6 
22.0 
22.6 

-AGJ 

24.4 
24.5 
23.6 
25.8 
26.8 
26.7 
27.3 
27.8 
28.3 
29.0 

. 
29.0 
28.8 

-

2455°K 

- ^ » f ( » . ) 

24.0 
23.9 
22.7 
24.5 
25.1 
24.7 
24.6 
24.3 
24.1 
24.9 

. 
23.3 
22.4 

-

The h e a t s of f o rma t ion of UCioo and U C i ^ ; found by a v e r ­
aging v a l u e s in Tab le IV.B.2 a r e AHfj^,^) = -23 .1 ± 1.0 and AHf(„j ) = 
- 2 3 . 6 ± 1.0 k c a l / m o l , r e s p e c t i v e l y . The value chosen by the Vienna P a n e l 
for UCi.oo is AHf(j,g) = -21 .7 ± 1.0 k c a l / m o l ; for U C , . , , , the va lue of 
AH|(j , j ) = - 2 3 + 2 k c a l / m o l w a s adop ted .* 

The f ree e n e r g y of f o r m a t i o n va l u e s g iven in T a b l e IV.B.2 
a r e in r e a s o n a b l e a g r e e m e n t wi th the va lues d e r i v e d f r o m the m a s s -
s p e c t r o m e t r i c m e a s u r e m e n t s of S t o r m s at 2100 and 2300°K. F o r UC, oo. 
S t o r m s ob ta ins AGf va lue s of -25 .2 and -25 .4 k c a l / m o l at 2100 and 2300°K, 
r e s p e c t i v e l y ; for UCi.go. he ob ta ins AGj va lue s of -27 .0 and -28 .0 k c a l / m o l 
at 2100 and 2300°K, r e s p e c t i v e l y . 

F u t u r e w o r k wi l l e m p h a s i z e m e a s u r e m e n t s of the t o t a l 
p r e s s u r e of u r a n i u m - b e a r i n g s p e c i e s o v e r UC^ c o m p o s i t i o n s . 

*Vienna Panel, Technical Series No. 14, The Uranium-Carbon and Plutonium-Carbon Svstems, IAEA 
Vienna (1963). ' ' 
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d. Metal Fuels 

(a) Fuel-element Performance (H. V. Rhude) 

Last Reported: ANL-7513, pp. 106-107 (Oct 1968). 

Six capsules that contained experimental metallic fuel 
elements irradiated in EBR-II have been opened, and examination of the 
fuel elements has begun. The compositions and burnups of the elements 
are listed in Table IV.B.3. 

TABLE IV.B.3. Compositions and Burnups of Metallic Fuel Elements 

Fuel 
Element 

ND24 
ND23 
BAOl 
BC02 
NCI 7 
NC23 

Subassem 

XG05 
XG06 
X028 
X028 
XG05 
XG06 

b ly 

Fuel Composition 
(w/o) 

u -15 Pu-10 Zr 
U-15 Pu-10 Zr 
U-15 Pu-10 Zr 
U-15 Pu-10 Zr 
U-15 Pu-10 Ti 
U-15 Pu-10 Ti 

Cladding 

V-ZO w/o Ti 
V-20 w/o Ti 

304L SS 
316 SS 

V-20 w/o Ti 
V-20 w/o Ti 

Total 
MWd 

12,640 
9,317 
1,730 
1,730 

12,640 
9,317 

Calculated 
Max Burnup 

(a/o) 

6.9 
5.2 
1.0 
1.0 
5.9 
5.5 

Except in Element BC02, which ruptured in the capsule, 
no fission gas was detected in the capsules. Since this ruptured element 
could not be removed from the capsule by normal procedures , removal 
from the capsule by other means will be attempted so that the fuel element 
can be examined for the cause of failure. The other five fuel elements 
have been removed from their capsules, and photography, gamma scanning, 
and dimensional analyses have been completed. The changes in diameter 
are given in Table IV.B.4. The largest increases of diameter occurred 
near the midlength of the fuel columns, which is the region of highest neu­
tron flux. However, the maximum increases of diameter for the five ele­
ments are not directly correlated with the maximum fluences. The 
measurements of diameter, which were made with a micrometer , will be 
checked with a profilometer. 

TABLE IV.B.4. Increases in Diameter of 
Metallic Fuel Elements as the Result of I r radia t ion 

Fuel 
Element 

ND24 
ND23 
BAOl 
NC17 
NC23 

Maximum 

(n/cm^) 

4.6 X 10" 
3.4 X 10" 
6.3 X 10"' 
4.6 X 10" 
3.4 X 10" 

Diameter 
before 

(in.) 

0.2086 
0.2085 
0.1955 
0.2043 
0.2086 

Diameter inc rease 
T o p 

0.0000 
0.0019 
0.0003 
0.0006 
0.0015 

Maximum^ 

0.0006 
0.0021 
0.0009 
0.0012 
0.0022 

( in . ) 

Bottom 

0.0002 
0.0019 

-0.0001 
0.0011 
0.0014 

Near the midlength of the fuel column. 
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Z. C o o l a n t s , M o d e r a t o r s , and C o n t r o l M a t e r i a l s - - F u n d a m e n t a l s of 
C o r r o s i o n in Liquid M e t a l s 

a. C o r r o s i o n M e c h a n i s m s (D. L. Smi th ) 

L a s t R e p o r t e d : A N L - 7 5 5 3 , pp. 82 -83 (Feb 1969). 

V a n a d i u m - b a s e a l l oys a r e be ing c o n s i d e r e d for u s e as fuel 
c l add ing in s o d i u m - c o o l e d fas t b r e e d e r r e a c t o r s . The m a j o r l i m i t a t i o n for 
t h i s a p p l i c a t i o n is t he q u e s t i o n a b l e c o r r o s i o n b e h a v i o r of the v a n a d i u m a l ­
loys e x p o s e d to l iquid s o d i u m The p r e s e n c e of oxygen in the s o d i u m is the 
p r i m a r y c a u s e of u n a c c e p t a b l e c o r r o s i o n b e h a v i o r of the a l l o y s . A q u a n t i t a ­
t ive d e t e r m i n a t i o n of the d e t r i m e n t a l effect of oxygen has been s e v e r e l y 
l i m i t e d b e c a u s e of the inab i l i t y to m e a s u r e the oxygen con ten t of the t e s t 
s o d i u m with the r e q u i r e d d e g r e e of a c c u r a c y . V a r i o u s l a b o r a t o r i e s have 
ob ta ined s ign i f i can t ly d i f fe ren t c o r r o s i o n b e h a v i o r for v a n a d i u m a l loys 
u n d e r r e p o r t e d l y s i m i l a r t e s t cond i t i ons . In s o m e i n s t a n c e s i n c o n s i s t e n t 
r e s u l t s w e r e ob ta ined f r o m di f fe ren t loops at the s a m e l a b o r a t o r y . The 
conf l ic t ing da t a a r e b e l i e v e d to be t he r e s u l t of e r r o n e o u s oxygen c o n c e n ­
t r a t i o n s r e p o r t e d for s o d i u m . The ab i l i ty to c o n t r o l the oxygen c o n c e n t r a ­
t ion of s o d i u m in l a b o r a t o r y s i z e loops a p p e a r s to be far s u p e r i o r to the 
ab i l i ty to m e a s u r e the c o n c e n t r a t i o n by the s t a n d a r d c h e m i c a l t e c h n i q u e s 
u s e d at m o s t l a b o r a t o r i e s . In s o m e c a s e s , t h e r e f o r e , the oxygen c o n c e n ­
t r a t i o n in the s o d i u m has been lower than the r e p o r t e d va lue . T h e r e f o r e , 
it was p r o p o s e d to m e a s u r e the oxygen conten t of the s o d i u m in the t e s t 
loops of the v a r i o u s l a b o r a t o r i e s by the v a n a d i u m e q u i l i b r a t i o n t e chn ique 
( see P r o g r e s s R e p o r t for S e p t e m b e r 1967, A N L - 7 3 8 2 , pp. 100-101) . T h i s 
m e t h o d w a s d e v e l o p e d at A r g o n n e in conjunct ion wi th c o r r o s i o n - m e c h a n i s m 
s t u d i e s of G r o u p VB m e t a l s e x p o s e d to sod ium. It i nvo lves the e q u i l i b r a t i o n 
of oxygen be tween s o d i u m and v a n a d i u m and the s u b s e q u e n t m e a s u r e m e n t of 
the oxygen c o n c e n t r a t i o n in the v a n a d i u m The oxygen con ten t of the v a n a ­
d ium is then r e l a t e d to the oxygen conten t of the s o d i u m by the e q u i l i b r i u m 
d i s t r i b u t i o n coef f ic ien t , which has been d e t e r m i n e d p r e v i o u s l y . 

V a n a d i u m w i r e s w e r e sen t t o i n v e s t i g a t o r s w o r k i n g on v a n a d i u m -
a l l o y - c o r r o s i o n p r o g r a m s a t A r g o n n e , B r o o k h a v e n , K a r l s r u h e , Los A l a m o s , 
Mine Safe ty A p p l i a n c e s R e s e a r c h , Sac l ay , and W e s t i n g h o u s e . An e x p o s u r e 
t i m e of 48 h r at t he m a x i m u m loop t e m p e r a t u r e w a s s u g g e s t e d T h i s p e r i o d 
was m o r e than suff ic ient for e x p o s u r e t e m p e r a t u r e s be tween 600 and 700°C. 
The w i r e s w e r e then r e t u r n e d to Argonne for oxygen a n a l y s i s . 

The o.xygen a n a l y s e s of the s o d i u m d e t e r m i n e d f r o m the v a n a ­
d i u m w i r e s a r e shown in T a b l e IV .B . 5 along wi th p e r t i n e n t loop da ta s u p ­
p l i e d by the i nd iv idua l l a b o r a t o r i e s . When p o s s i b l e , t h i s a n a l y s i s w a s 
c o m p a r e d wi th the oxygen c o n c e n t r a t i o n of s o d i u m r e p o r t e d by the i n v e s ­
t i g a t o r and the oxygen c o n c e n t r a t i o n ob ta ined f r o m so lub i l i t y da t a* a t the 
c o l d - t r a p t e m p e r a t u r e . 

•Kassner, T. F., and Smith, D. L., Calculauons on the Kinetics of Oxygen Solution in Tantalum and Niobium 
in a Liquid-sodium Environment, ANL-7335 (Sept 1967). 
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TA8LE IV.6.5. Oxygen Analyses ot Sodium from Test Loops 
Used for Vanadium-alloy-corrosion Experimenis 

(Determined by vanadium equilibration tectinique) 

Sample Loop Flow 
No. Material Characteristics 

Method of 
Oxygen Controi 

Investigator's Analysis Vanadium Equilibration Analysis 
Trapping Oxygen^ for Oxygen in Sodium ^ j ^ y,^, 

Temp Solubility p >• ^ "̂  , „ , - _ ) 
innmi TPfhniQue loom) C O (hr) Ufja W " ' 

BNL-l 321 SS Forced circulation Oxygen addition Irom 
reservoir as indicated 
by UNC meter 

BNL-2 316 SS Ttiermal convection Dittusion cold trap 

-0.1 ft/sec 

ANL-1 3M SS Forced circulation Full-flow cold trap 
4 £/fir 

Full-flow cold trap 

UNC meter 
Plugging meter 
Hg amalgamation 

UNC meter 
Hg amalgamation 

Forced circulatior 
0.3 i/min 

Forced circulation FuM-tlow Zf hot trap 
0.3 i /min 

ANL-2 Ni 

ANL-3 Ni 

ANL-4 3M SS Forced circulation Full-flow cold trap 

i i / f i r 

ANL-5 318 SS Forced circulation 4% flow cold trap 

6 m/sec 

ANL-6 347 SS Forced circulation 7% flow cold trap 

8 £/min 

WEC-1 316 SS Forced circulation Intermittent cold trap 

0.64 gpm 

WEC-2 316 SS Forced circulation Intermittent cold trap 

1.8 gpm 

LAL-1 321 SS Forced circulation Full-flow Zr hot trap 

0.1 gpm 

LAL-2 321 SS Forced circulation Full-flow Zr hot trap 

0.1 gpm 

KWG 18/8 Cr- Forced circulation Cold trap 
NiTi SS 50 cm/sec 

Vacuum 
distillation 

Vacuum 
distillation 

Vacuum 
distillation 

Vacuum 
distillation 

Vacuum 
distillation 

Vacuum 
distillation 

Hg amalgamation 

Hg amalgamation 

Vacuum 
distillation 

Vacuum 
distillation 

Plugging meter 

0,5-1.5 

0-6-2.0 

0.5-1.5 

0.5-1,5 

0.5-1.5 

-15 

-15 

3-9 

3-9 

1.7 

0.60 

0.39 

0.010 

0.95 

0.13 

0.34 

0.038 

0.0Z4 

00020 

0.0056 

^Kassner, T. F.. and Smith, D. L., ANL-7335 U967(; ANL-7527, pp. 101-104 (December 1968), 

For several cold-trapped systems, reasonable agreement in 
oxygen concentrations was observed by the investigator and by the vana­
dium equilibration technique; however, in some cold-trapped systems, the 
vanadium equilibration technique gave values significantly lower than those 
reported by the investigator. The discrepancies may be explained by non-
equilibrium conditions in the cold trap, depletion of the oxygen supply in 
the cold trap, or oxygen concentrations below the limit of detection by the 
more standard techniques used. It is also important to note that large 
differences in oxygen concentrations were obtained between hot-trapped 
and cold-trapped sodium. In one case (ANL,-2 and -3), data were obtained 
for hot-trapped and cold-trapped sodium from the same loop. Although 
results are reported here, this technique has also been applied to sodium 
that contained the soluble getters calcium and magnesium. Values of the 
order of 0.01 ppm for the active oxygen in sodium were obtained. 

The results of this survey analysis for oxygen in sodium are 
particularly pertinent to the program of vanadium-alloy corrosion. Al­
though the equilibration technique is still in the development stage and has 
not been widely used, this technique appears to provide a suitable method 
for the determination of oxygen in sodium at the low oxygen concentrations 
of interest. The results obtained here indicate that the oxygen content of 
test loop sodium can be much lower than 1 ppm and that oxygen must be 
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supplied to the sodium used for corrosion tests of vanadium alloy, if con­
stant oxygen concentrations are to be maintained. This method of analysis 
is being applied to EBR-II p r imary sodium to determine the oxygen con­
centration maintained in an actual reactor system. 

3. Radiation Damage on Structural Mater ia ls- - In-Reactor 
Creep Studies 

a. In-pile Creep ( j . A. Tesk and W. F. Burke) 

Last Reported; ANL-7553, pp, 85-86 (Feb 1969). 

While CP-5 is undergoing repair , modifications of the cooling 
system for the circulating gas are being incorporated to meet the require­
ments of in- reac tor creep tes ts . A new shield plug with larger gas-
circulation tubes has been constructed ( l /Z-in.-ID tubes instead of the 
previous l /8- in . - ID tubes). Laboratory and in- reac tor tests have shown 
that the larger cooling capacity is needed to lower the in- reac tor test 
temperatures to 350°C or less . 

Tube-creep experiments in EBR-II have been planned. End 
plugs, caps, and pressurizing tubes are being fabricated for quality assur ­
ance testing. 

b. Void Formation and Growth (S. D. Harkness) 

Last Reported: ANL-7561, pp. 71-72 (March 1969). 
% 

(i) Temperature and Fluence Dependence of Void Formation. 
For purposes of reactor design, it is important to know the dependence of 
void volume on irradiation temperature in austenitic stainless steel. A 
fundamental understanding of the phenomenon further demands knowledge 
of how the average void size and the void number density vary with 
tempera ture . 

In an effort to gain this knowledge, five samples of Type 304 
stainless steel were selected from various locations in EBR-II where all had 
been exposed to a fluence of 5 ± 0.5 x 10 n /cm at temperatures ranging 
from 410 to 607°C. Where possible. X-ray small-angle scattering (SAS), 
t ransmiss ion electron microscopy (TEM), and immersion-densi ty measure ­
ments were performed for each sample. Average void sizes were deter­
mined from the TEM aind SAS studies (see the following section), the void 
volumes were deduced from the observed density changes, and the void 
number density was obtained by calculation from the above two resu l t s . 
No immers ion-densi ty data were available for the calculation of the void 
number densit ies for the samples i rradiated at the two higher tempera tures 
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because the small size of these samples prevented density measurement . 
Each sample consisted of a cladding-capsule pair sectioned from an experi ­
mental capsule that contained mixed-carbide fuel. By examination of the 
cladding and surrounding capsule material sectioned at the same axial posi­
tion, it was possible to study the effect of temperature at constant fluence. 

Figure IV.B.6 shows the effect of i r r a ­
diation temperature on the average void s ize. 
As can be noted, the void size increases rapidly 
with irradiation temperature . 

Figure IV.B.7 depicts the observed 
change in void number density with i r radiat ion 
temperature at constant fluence. This type of 
temperature dependence strongly suggests a 
nucleation-controUed process . 

Figure IV.B.8 shows the variation of 
overall void volume with irradiat ion tempera­
ture at two fluence levels: 5 x 10^^ and 3 x 
lO^^n/cm^. At the higher fluence, a sharp 
temperature dependence is noted, with the 
maximum void volume occurring at ~500°C. 
The void volume at the location where the 
previously mentioned experimental fuel-
irradiation capsule was i r radiated at 500°C 

agrees very closely with the observed diametral change of the capsule 
tube. The void volume for the cladding section irradiated at 607°C did not 
agree with the observed diametral change of the 
cladding. This indicates that creep had occurred 
during irradiation. The much increased disloca­
tion density observed in the sample that had 
been irradiated at 607°C is consistent with this 
conclusion. 

The absence of temperature de­
pendence at the lower (3 x 10^^ n/cm^) fluence 
was an interesting and surprising result . How­
ever, a nucleation and growth model for void 
formation, in which the voids act as the pr imary 
recombination sites, predicts such behavior. 

300 400 500 600 
IRRADIATION TEMPERATURE, 

Fig. IV.B.6 
Tlie Effect of Irradiation Tem­
perature on the Average Void 
Size in Type 304 Stainless 
Steel 

The dependence of void f o r m a ­
tion on fluence is a l so of g r e a t des ign i m p o r ­
t a n c e . F i g u r e IV.B.9 shows the effect of f luence 
on void volume at t h r e e t e m p e r a t u r e s for s a m ­
p les of Type 304 s t a i n l e s s s t e e l i r r a d i a t e d in 
E B R - I I that have been s tudied at ANL and P N L . 
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Fig. IV.B.7 
Tile Effect of Irradiation Tem­
perature on the Void Number 
Density in Type 304 Stainless 
Steel 



V a l u e s w e r e t a k e n f r o m swe l l ing p r o f i l e s of ax ia l r e a c t o r c o m p o n e n t s a s 
d e t e r m i n e d by d i m e n s i o n a l change and i m m e r s i o n - d e n s i t y m e a s u r e m e n t . 
The void v o l u m e i s p r o p o r t i o n a l to the n e u t r o n f luence r a i s e d to a p o w e r 
b e t w e e n 2 and 2 .3 . T h i s r e s u l t a g r e e s we l l wi th a m o d e l f o r m u l a t e d f r o m 
n u c l e a t i o n and g r o w t h t h e o r y . 

1 5 7 

SOO 400 500 «00 

RRADIATION TEMPERATURE , 'C 

Fig. IV.B.8 

The Effect of Irradiation Temperature 
on Void Volume in Type 304 Stainless 
Steel. Symbols O and O—nvt = 
5 * 0.5 X 10^2 n/cm2, O and O — 
nvt « 3 ± 0.5 X 1022 n/cm^. 
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Fig. IV.B.9 
The Effect of Neutron Fluence at Con-
sunt Irradiation Temperature on Void 
Volume in Type 304 Stainless Steel 

(ii) S m a l l - a n g l e - s c a t t e r i n g S tudies of Void F o r m a t i o n . S m a l l -
ang le s c a t t e r i n g (SAS) has p r o v e d a va luab le a u x i l i a r y tool to t r a n s m i s s i o n 
e l e c t r o n m i c r o s c o p y (TEM) in the d e t e r m i n a t i o n of void s i z e s . SAS m e a ­
s u r e m e n t s have been m a d e wi th four s a m p l e s with a K r a t k y coUima t ing 
s y s t e m tha t e m p l o y s Mo K a r a d i a t i o n in conjunct ion with a b a l a n c e d Z r - Y 
f i l t e r . The G u i n i e r ( R Q ) and P o r o d (R*) s i ze p a r a m e t e r s d e t e r m i n e d f r o m 
the SAS c u r v e a r e equ iva len t to m o m e n t r a t i o s for s i ze d i s t r i b u t i o n of 
s p h e r i c a l pa r t i c l e s ; ' ' ' tha t i s . 

a n d 

| < R ' > / < R ^ > | 

R* = < R ' > / < R ^ > . 

T h e s e m o m e n t r a t i o s m a y be u s e d to d e r i v e a v e r a g e s i z e 
in t e r m s of an a s s u m e d f o r m of s i z e d i s t r i b u t i o n . A qui te g e n e r a l d i s t r i b u ­
t ion i s t he l o g - n o r m a l . T h i s d i s t r i b u t i o n was u s e d to obta in the a v e r a g e 
void s i z e s , < R > , for the four s a m p l e s ( s ee T a b l e IV .B .6 ) . 

•̂ Harkness. S. D.. Gould, R. W.. and Hren, J. J., Phil. Mag. 19, 115(1969). 
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T A B L E I V . B . 6 . A C o m p a r i s o n of R e s u l t s for X - r a y S m a l l - a n g l e 
S c a t t e r i n g and T r a n s m i s s i o n E l e c t r o n M i c r o s c o p y 

Sanaple 

I r r a d i a t i o n E s t i m a t e d R . ^ _ , . 
T e m p F l u e n c e ^ 0 R* < R > ^ T E M 
("C) ( n / c m ^ X 1 0 - " ) (A) (A) (A) (A) 

C o n t r o l - r o d T h i m b l e a 450 4 .1 74 69 68 60 
C o n t r o l - r o d T h i m b l e a 463 3.1 148 83 72 83 
S u b a s s e m b l y X G 0 5 - C a p s u l e 500 5.0 130 95 9U « 
S u b a s s e m b l y X G 0 5 - C l a d d i n g 607 5^0 m 159 150 

^ R e s u l t s r e p o r t e d i n e a r l i e r p r o g r e s s r e p o r t s fo r t h e c o n t r o l - r o d t h i m b l e a r e r e p e a t e d h e r e 

t o a l l o w c o m p a r i s o n of SAS and T E M r e s u l t s o v e r a r a n g e of v o i d s i z e s . 

TEM was performed on the same samples that had been 
analyzed by SAS, and the R T E M results are included for comparison. Good 
agreement of the results obtained by the two techniques was found for al l 
but the largest void size. 

4. Techniques of Fabrication and Testing 

a. Nondestructive Testing 

(i) Development of Nondestructive Testing Techniques 
(C. J. Renken) 

Last Reported: ANL-7527, pp. 106-110 (Dec 1968). 

(a) Development of Electromagnetic Testing Techniques. 
Development work has continued on high-speed pulsed-electromagnetic 
inspection systems for the detection of defects in tubing. Multiaperture 
t ransducers , which induce a time-varying current in a specimen and de­
tect the field established by the specimen current, have been designed and 
constructed for tubing of several s izes . One of the t ransducers is a six-
aperture transducer for tubing of the current F F T F reference size. A 
tr ial was performed with 25 m of tubing (of the general size and type ex­
pected to be used in FFTF) provided by Battelle Northwest Laborator ies . 
The tubing was deliberately selected from various lots of Types 304 and 
316 stainless steel. 

On the demodulated but unfiltered output of the instru­
ment, various tubes provided signals with noise levels ranging from insig­
nificant to fairly severe compared with the signal produced by a longitudinal 
electromachined notch on the inner surface of a standard tube. (The notch 
had a measured depth of 10% of the tube wall thickness, a length of 1 mm, 
and a width of 0.075 mm.) However, one of the advantages of a mult iaper­
ture test system that uses time sampling is the possibility of noise reduc­
tion, since such a system provides an abundance of information compared 
with conventional systems for testing electromagnetic tubing. 'With the 
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F F T F tubing, most of the noise originated from slight geometrical var ia­
tions (all within specification) in the wall thickness and diameter of the 
tubing. F r o m these variat ions, a roughly periodic 4.5-Hz signal that 
varied in amplitude from tube to tube was produced at the test system 
output. The 4.5-Hz signal was almost entirely eliminated by bucking the 
signals from opposite aper tures . A residual 9-Hz signal that pers is ted 
despite the cross-bucking operation was eliminated by a 9-Hz slot filter. 
These modifications had little effect on the signal from the standard defect 
because of the width of its effective power spectrum, and because the stan­
dard defect appeared only under one aperture at a given t ime. The sampling 
points of the system were adjusted so that identical notches on the inner and 
outer surface of a tube produced the same signal amplitude 

Based upon the results of these tes ts and upon tests 
with other sizes of tubing, inspection of thin-walled stainless steel tubing 
to detect a longitudinal electromachined notch on the inner surface having 
a length of two wall thicknesses and a depth of 10% of the wall thickness 
appears feasible for almost any lot of stainless steel tubing having wall 
thicknesses typical of cladding. Inspection of some lots to a 5%-two wall 
thickness standard is probably practical . The present test system inspects 
at the rate of 4 m/min, but there are no technical reasons to prevent in­
spection at twice this speed. 

The electronic system used is capable of simultaneous 
inspection of tubing for defects and measurement of wall thickness. This 
was demonstrated in tes ts with tubing of 7.36-mm diameter and 0.508-mm 
wall thickness. Wall thickness can be simultaneously measured at as many 
as six angular positions around the tube cii»cumference, although it appears 
that for most applications a three-point measurement will be adequate. 
Neither a large enough variety nor a large enough quantity of tubing has 
been measured to evaluate fully the accuracy of the technique, but the non­
destructive and direct measurements made thus far agree within 0.005 mm. 
If wall thickness is not measured simultaneously with inspection for defects, 
continuous measurement of wall thickness at a rate of 15 m/min should be 
pract ical . 

P rogress on the synthesis of transducer-broadbanding 
filters (see ANL-7527) that more nearly approach the ideal can be reported. 
The filters in use provide the proper amplitude versus frequency charac­
te r i s t i cs , but produce a phase shift as a function of frequency that is far 
from suitable. It appears that a six-pole Gaussian filter can be physically 
realized that will more closely approximate the filter theoretically required 
by our t r ansducers . Construction of this type of filter has been deferred, 
however, until a new transducer design has been fully tested. The aper ture 
diameter in the new transducer has been reduced from 1.77 to 1.25 mm. If 
this change resul ts in an improvement in resolution, new broadbanding fil ters 
will be designed to match the new t ransducers . 



160 

Analytical work on the problem of the point defect in 
a conductor passing under a pulsed line source has continued. Computer 
programs that provide useful computed values of the various noirmalized 
field components have been developed for short values of normalized t ime 
and for very long values of normalized time, but thus far no p rogram has 
been written that is capable of computing values for intermediate t imes . 

5. Engineering Propert ies of Reactor Materials--High Temperature 

Mecl hanical Propert ies of Ceramic Fuels 

a. High Temperature Mechanical Proper t ies of Fuel Oxides 
(R. J. Beals) ' 

(i) Stress Dependence on Strain Rate and Tempera ture 

Last Reported: ANL-7553, pp. 88-92 (Feb 1969). 

Investigation of the effects of temperature and strain rate 
upon the mechanical properties of stoichiometric uranium dioxide has con­

tinued. Specimens were 97% of 
theoretical density with an average 
grain size of 5 y,. All tes ts were 
carr ied out in a vacuum of 10" Tor r . 
The measurements were made with 
at least five specimens at each test 
condition. 

The shape of the curve r e ­
lating maximum fiber tensile s t r e s s , 
or ultimate tensile s t r e s s (UTS), and 
temperature at a strain rate of 0.97/hr 
(see Fig. IV.B.10) is s imilar to the 
shapes of the curves for s t rain ra tes 
one order of magnitude larger and 
smaller (see ANL-7553, p. 88). How­
ever, the cr i t ical tempera ture at a 
strain rate of 0.97/hr is intermediate 
to those for strain rates of 0.097/hr 
and 9.7/hr. The strength of the stoi­
chiometric urania changed little until 
the temperature increased to approxi­

mately 1375°C, where the UTS was 1550 ± 60 kg /cm^ The UTS increased 
rapidly to 1970 ± 160 kg/cm^ as the temperature was increased to the cr i t i ­
cal temperature of 1550°C. At test temperatures above the cr i t ical tem­
perature, the UTS decreased rapidly. 

The relationship between strain rate and cri t ical t empera­
ture for the three strain rates studied is shown in the following tabulation: 

2000 

1750 

1500 

1250 

1000 

750 

STRAIN RATE - 0,97 per hour 

ATMOSPHERE - VACUUM (lO"^ Torr} | , 

DENSITY- 97% TD. V 

-

GRAIN SIZE- 5 microns J / V 

- _^^rA \ -
- ^ -̂̂ 1 -\ ̂ -

\ / 
_ 0 MAXIMUM FIBER TENSILE STRESS V -

0 FLOW STRESS (0.02% OFFSET) / \ 

K PLASTIC STRAIN / — * 

.̂  
1 , 1 1 1 , 

400 600 800 1000 1200 1400 1500 1600 

TEST TEMPERATURE, °C 

Fig. IV.B.10. The Effect of Temperature on the 
Maximum Fiber Tensile Stress, 
Flow Stress, and Plastic Strain of 
Stoichiometric Uranium Dioxide 
(Medium Strain) 



Strain Rate Crit ical Temperature 
( l / h r ) (fC) 

0.097 1400 
0.97 1550 
9.7 1725 

If it is assumed that (1) the crit ical temperature is asso­
ciated with the onset of significant plastic strain resulting from a diffusion-
controlled process that limits the maximum fracture s t r e s s , and (2) there 
is a constant s t r e s s , the s t ra in- ra te dependence on temperature is ex­
pressed as 

e « exp(-Q/RT), (1) 

where c is the strain ra te , Q is the activation energy, and T is the abso­
lute tempera ture . By use of this equation the shift of the peak, as observed 
in Fig. IV.B. 10 and Fig. IV.B.4 of ANL-7553, corresponds to an activation 
energy of approximately 93 kcal /mol . This compares favorably with the 
94 kcal /mol reported on p. 92, ANL-7553, for the peak shifts between strain 
rates of 0.097/hr and 9.7/hr. 

It was observed that until the temperature was increased to 
1375°C, the urania deformed in a brit t le fashion and exhibited no plastic 
strain. Above this bri t t le-to-ducti le transition temperature , plastic strain 
increased rapidly to a value of 0.015 cm/cm at 1700°C. 

The flow s t r e s s for the stoichiometric UOj was measured 
at 0.02% offset. At a strain rate of 0.97/hr, the first indication of plastic 
strain occurred at 1375°C. Figure IV BIO shows that the extended flow-
s t ress curve intersects the UTS curve at 1375°C and decreases linearly 
with increasing test tempera ture . By an interpretation of a linear least-
squares regress ion, the relationship between flow s t ress and temperature 
at a strain rate of 0.97/hr is 

Of = 4460 - 2.361t, 

where Of is the flow s t ress in kg/cm , and t is the test temperature in °C. 

At strain ra tes of 0.097/hr and 9.7/hr, the modulus of 
elasticity (or Young's modulus) for stoichiometric uranium dioxide de­
creased linearly with increasing temperature at temperatures above 1000°C. 
The curves at these strain rates are shown in Fig, IV.B.11 The Young's 
modulus was slightly higher at the rapid strain rate th^ln at the slower 
ra te . By an interpretation of a linear leas t -squares regress ion, the re la ­
tionship between Young's modulus and temperature for a strain rate of 
9.7/hr is 
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ATMOSPHERE - VACUUM ( lO ' ^ Torr) 
DENSITY - 9 7 % T.D. 

GRAIN S IZE-5 microns 

00 800 1000 1200 

TEST TEMPERATURE, °C 

E = 1 , 6 8 9 , 5 0 0 - 7 4 1 . 7 t , 

a n d f o r a s t r a i n r a t e of 0 . 0 9 7 / h r 

t h i s r e l a t i o n s h i p i s 

E = 1 , 6 7 1 , 5 0 0 - 9 2 4 . 4 t , 

w h e r e E i s Y o u n g ' s m o d u l u s i n 

k g / c m ^ a n d t i s t h e t e s t t e m p e r a t u r e 

i n ° C . 

Fig. IV.B.11. Tlie Effect of Temperature and Strain 
Rate on tiie Modulus of Elasticity of 
Stoichiometric Uranium Dioxide 

U p o n e x t r a p o l a t i o n of t h i s 

c u r v e t o r o o m t e m p e r a t u r e , w i t h t h e 

a s s u m p t i o n t h a t t h e l i n e a r d e c r e a s e 

h o l d s o v e r t h e e x t r a p o l a t e d t e m p e r a ­

t u r e s , a Y o u n g ' s m o d u l u s of 1 , 6 6 0 , 0 0 0 k g / c m ^ ( o r 2 3 . 6 x l o ' p s i ) i s r e c o r d e d . 

T h i s c o m p a r e s f a v o r a b l y w i t h t h e v a l u e s of 21 x l O ' p s i r e c o r d e d b y 

L a m b e r t s o n a n d H a n d w e r k * a n d 2 6 . 5 x l O ' p s i r e c o r d e d b y L a n g . * * D a t a 

f o r t h e Y o u n g ' s m o d u l u s f o r a s t r a i n r a t e of 0 . 9 7 / h r a r e i n c o m p l e t e , b u t 

f a l l b e t w e e n t h e l i m i t i n g v a l u e s a t e l e v a t e d t e m p e r a t u r e s . 

( i i ) C o m p r e s s i v e C r e e p . S p e c i f i c a t i o n s h a v e b e e n w r i t t e n a n d 

a p u r c h a s e o r d e r h a s b e e n p l a c e d f o r h i g h - t e m p e r a t u r e c o m p r e s s i v e c r e e p 

a p p a r a t u s . T h e t o t a l l o a d c a p a c i t y of e a c h c r e e p m a c h i n e i s 1 0 0 0 l b . E a c h 

m a c h i n e i s e q u i p p e d w i t h a p r e c i s i o n e x t e n s o m e t e r t o p e r m i t t h e m e a s u r e ­

m e n t of s t r a i n u n d e r t h e v a r i o u s t e s t c o n d i t i o n s . D e l i v e r y i s s c h e d u l e d f o r 

l a t e J u l y 1 9 6 9 . 

Lambertson, W. A., and Handweri<, J. H., Ttie Fabrication and Physical Properties of Urania Bodies, 
ANL-S053 (Feb 1956). 
Lang, S. M., "Properties of UOg," in J. Belle and B. Lustman, Fuel Elements Conference, Paris, 
TID-7546, March 1958, pp. 442-515. 
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C. Engineering Development 

1. Instrumentation and Control 

a. Boiling Detector (T. T. Anderson) 

(i) Flux Noise Method 

Not reported previously. 

A program has been initiated to determine the feasibility of 
using neutronic noise as a method of detecting boiling in an LMFBR. The 
study aims to determine the absolute sensitivity of the various neutronic 
methods so that comparisons can be made easily with other means of de­
tecting boiling and thus the best method for a part icular LMFBR reactor 
system be selected. 

A survey and review of previous work on the detection of 
boiling in water-cooled thermal reac tors is nearly complete. It mainly 
concerns the measurement and determination of the power spectral density 
of the neutron-flux measurements . The survey indicates that there are 
problems in detecting boiling by neutronic means, let alone determining 
the character is t ic power spectral density of the phenomenon. Conflicting 
results can be found; some resul ts of power spectral density measurements 
indicate that boiling possesses a resonant effect at low frequency, others 
indicate that it is white noise. 

The time for detecting boiling can be important from a con­
trol standpoint. However, because the power spectral density from a neutron 
detector of boiling might be weighted heavily in the low-frequency spectrum, 
such a device might take much longer to detect boiling than would a device 
that uses the high-frequency components from an acoustic detector. There­
fore, alternative methods are being investigated to reduce the t ime for deter­
mining the presence of boiling in LMFBRs. It is hoped that the data-
collection and evaluation t imes can be reduced to be comparable with the 
acoustic method. 

2. Heat Transfer and Fluid Flow 

a. Heat Transfer in Liquid Metal Cooled Reactor Channel 
(R. P. Stein and J. V. Tokar) 

Last Reported: ANL-7548, p. 100 (Jan 1969). 

(i) LMFBR High-flux Operation and Its Consequences. The 
liquid-metal helical induction pump was completed and tested with NaK. The 
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pump p e r f o r m e d s a t i s f a c t o r i l y and wi l l be a d e q u a t e for the L M F B R b u r n o u t 

l i m i t a t i o n s t e s t s . 

A de t a i l ed piping f lexib i l i ty a n a l y s i s ( s ee P r o g r e s s R e p o r t 
for N o v e m b e r 1968, A N L - 7 5 1 8 , p . 97) i s n e a r i n g c o m p l e t i o n . The v a c u u m 
pumping s y s t e m s w e r e r e c e i v e d , checked for c o n f o r m a n c e t o s p e c i f i c a t i o n s , 
and accep ted . The v a c u u m c h a m b e r is being f a b r i c a t e d . The loop s u p e r ­
s t r u c t u r e is about 70% c o m p l e t e . 

b . E l e c t r o n B o m b a r d m e n t H e a t e r T e s t F a c i l i t y (R. D. C a r l s o n ) 

L a s t R e p o r t e d : A N L - 7 5 5 3 , p. 97 ( F e b 1969). 

Work on the e l e c t r o n - b o m b a r d m e n t - h e a t e d (EBH) 7-p in c l u s t e r s 
was t e m p o r a r i l y suspended to c o n c e n t r a t e on ca thode s u s p e n s i o n and non ­
un i fo rm e l e c t r o n - e m i s s i o n p r o b l e m s , which w e r e caus ing c o n s i d e r a b l e 
difficulty in the c l u s t e r deve lopmen t . A s ingle pin, of 0 .25 - in . OD and 
24 in. long, was chosen to i nves t i ga t e t h e s e p r o b l e m s . S e v e r a l m e t h o d s 
of ca thode s u s p e n s i o n w e r e t r i e d , and the 1%-thor ia ted t u n g s t e n w a s r e p l a c e d 
with p u r e tungs t en . 

Uni form e l e c t r o n e m i s s i o n could not be ob ta ined f r o m the 
t h o r i a t e d - t u n g s t e n ca thode; u n i f o r m e m i s s i o n is v e r y c r i t i c a l in t h i s s m a l l -
d i a m e t e r pin g e o m e t r y . The t h o r i a t e d - t u n g s t e n ca thode would spot , e m i t and 
cause p i ts to f o r m on the anode wal l , and even tua l ly b u r n t h r o u g h . 

The EBH pin now being t e s t e d h a s an 0 . 0 3 0 - i n . - d i a , p u r e t u n g s t e n 
cathode ope ra t i ng at 2500-2600°K. The e l e c t r o n e m i s s i o n h a s b e e n up to 
18 Amp, the anode vol tage h a s been as h igh as 3600 V, and the hea t flux h a s 
been as high as 1.7 x 10^ B t u / h r - f t ^ over the e n t i r e 24 - in . l eng th of the 
0 .25- in . tube . 
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Fig. IV.C.l. Test of EBH Single-pin Anode Having 
0.25-in. OD. 0.010-in. Wall, and 24-
in. Length. The 0.030-in.-dia cathode 
of pure tungsten operated at 2530OK. 

As of May 20, 1969, t he pin h a s 
o p e r a t e d m o r e than 16 h r a t a h e a t flux 
of g r e a t e r t h a n 1.5 x 10*' B t u / h r - f t ^ . 
The ou te r wa l l of the anode r e a c h e d a 
m a x i m u m of 95°F wi th a AT of a p p r o x ­
i m a t e l y 133°F a c r o s s the w a l l . A m a s s 
b a l a n c e and pov/er m e a s u r e m e n t s sub­
s t a n t i a t e tha t > 6 0 kW of h e a t a r e be ing 
suppl ied to t h e coo lan t . F i g u r e I V . C . l 
shows an o p e r a t i n g c u r v e for t h i s 
0 . 2 5 - i n . - d i a pin. F u r t h e r e x p e r i m e n t s 
wi l l d e t e r m i n e : (1) t he l i f e t i m e of the 
h e a t e r , (2) the m a x i m u m h e a t flux, 
(3) o p e r a b i l i t y in s o d i u m at > 1 0 0 0 ° F , 



and (4) o p e r a b i l i t y of 0 . 2 5 - i n . - p i n b u n d l e s . E x p e r i m e n t s with l a r g e r - p i n 
b u n d l e s (of 0 . 3 7 5 - and 0 .312- in . d i a m e t e r ) a l s o wil l con t inue with p u r e -
t u n g s t e n c a t h o d e s . 

3. E n g i n e e r i n g M e c h a n i c s 

a- A n i s o t r o p i c T h e r m o e l a s t i c i t y Studies (R. A. Valent in) 

L a s t R e p o r t e d : A N L - 7 5 5 3 , pp. 97 -98 ( F e b 1969). 

(i) I s o t r o p i c Solu t ions for C o m p a r i s o n . The t h e r m o e l a s t i c 
s t r e s s a n a l y s i s of c y l i n d r i c a l fuel e l e m e n t s is usua l ly b a s e d on the a s s u m p ­
tion of p lane s t r a i n . T h e s e r e s u l t s give a good a p p r o x i m a t i o n to the exac t 
so lu t ion n e a r the m i d p l a n e of the e l e m e n t , p r o v i d e d the r a t i o of length to 
r a d i u s of the c y l i n d e r is m u c h g r e a t e r than uni ty. To ob ta in m o r e a c c u r a t e 
i n f o r m a t i o n about the s t a t e of s t r e s s and d e f o r m a t i o n n e a r the ends of the 
c y l i n d e r , the a s s u m p t i o n of a p lane d e f o r m a t i o n field m u s t be r e m o v e d . 

The exac t so lu t ion for the ax ia l ly s y m m e t r i c d e f o r m a t i o n 
of a so l id c i r c u l a r c y l i n d e r of f inite length with un i fo rm i n t e r n a l hea t 
g e n e r a t i o n and t r a c t i o n - f r e e b o u n d a r i e s has been ob ta ined with the aid of 
Y o u n g d a h l ' s * c y l i n d e r s t r e s s func t ions . E x p r e s s i o n s for the s t r e s s e s and 
d i s p l a c e m e n t s in the c y l i n d e r a r e ob ta ined in the f o r m of inf ini te s e r i e s 
whose coe f f i c i en t s a r e the so lu t ions of an infini te s e t of s i m u l t a n e o u s 
l i n e a r a l g e b r a i c e q u a t i o n s . A c o m p u t e r p r o g r a m is be ing w r i t t e n to e v a l u ­
ate th is so lu t ion . 

C l o s e l y r e l a t e d is a s tudy af the effect of i n t e r f a c i a l s h e a r 
on the nonp lane d e f o r m a t i o n n e a r the end of a fuel pin. Before c o n s i d e r i n g 
the s h e a r effect , it is d e s i r a b l e to d e t e r m i n e both the p r e s s u r e d i s t r i b u t i o n 
b e t w e e n the c ladd ing and the fuel and the d e f o r m a t i o n s t a t e for the s i m p l e r 
c a s e of p e r f e c t i n t e r f a c i a l s l ip . An a n a l y s i s of th is p r o b l e m has been 
c o m p l e t e d , and c o m p u t e r w o r k is u n d e r w a y to eva lua t e the r e s u l t s . The 
so lu t ion m e t h o d m a k e s u s e of an a p p r o x i m a t e a n a l y s i s of the type deve loped 
by Conway and F a r n h a m ' * * for s h r i n k - f i t p r o b l e m s c o m b i n e d with a modi f ied 
v e r s i o n of a known e l a s t i c i t y so lu t ion for the effect of a band of p r e s s u r e on 
a s e m i - i n f i n i t e c y l i n d e r . 

Youngdahl, C. K., On the Completeness of a Set of Stress Functions Appropriate to the Solution of Elasticity 
Problems in General Cylindrical Coordmates, Lit. I. Eng. Sci. 2. 61-79 (1969). 

**Conway, H. D., and Farnham, K. A., The Shnnk Fit of a Flexible Sleeve on a Shaft, Int. J. Mech. Sci., 
Vol. 10(1968), pp. 757-764. 

"''Tranter, C. J., and Craggs, J. W., Stresses Near the End of a Long Cylindrical Shaft Under Non-uniform 
Pressure Loading, Phil. Mag. ^ , 214-225(1947). 
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b. Structural Dynamics Studies--Paral lel-f low-induced Vibrations 
(M. W. Wambsganss, Jr . ) 

(i) Structural Dynamics Test Loops 

Last Reported: ANL-7561, p. 78 (March 1969). 

Construction of the small loop continues. The pump and 
accumulator have been installed; the piping is 5 0% complete. Design work 
began on a vibration fixture for a tube-stop impact experiment. Specifica­
tions are being prepared for construction details of the large loop. 

(ii) Damping Analysis 

Last Reported: ANL-7561, p. 79 (March 1969). 

The influence of water flow velocity on the damping charac­
ter is t ics of a cylindrical tube in parallel flow is being studied experimentally. 
The tube, instrumented with a small accelerometer internally mounted at the 
midpoint, is supported in a test section that is vibrated on a shaker while 
water is pumped through the test section at flow velocities ranging from 7.5 
to 50 f t /sec. The tests are performed by establishing a specific mean flow 
velocity of water, maintaining the acceleration imparted to the test section 
(tube supports) at a selected constant level while the frequency range from 
40 to 55 Hz is swept, recording the t ime-his tory of the output accelerat ion 
on magnetic tape and plotting its frequency spectrum, and computing an 
effective damping factor (ratio of equivalent viscous damping coefficient 
to first-mode critical damping) by two different methods, from (a) the 
modal-magnification factor at resonance and (b) the bandwidth taken at 
the half-power point. To include the influence of input amplitude on 
damping, tests at a given flow velocity are performed at accelerat ion levels 
corresponding to peak input displacements (of approximately 2, 3, 4, 5, 6, and 
8 mils) at resonance. 

Qualitative agreement between the two methods of calculating 
damping is good. Ho^vever, quantitative values computed by the modal-
magnification method are approximately 2.5 t imes greater than the co r r e ­
sponding values obtained from the bandwidth method. For flow velocities 
greater than zero, the data are approximately linearly related. Data from 
each of the two computational methods were correlated with a straight 
line and the lines extrapolated to zero flow velocity. Then the resul ts 
were normalized by their extrapolated zero-velocity values. The damping 
factor increases significantly with mean axial flow velocity; for example, 
at a typical coolant flow velocity of 30 f t /sec, effective damping is approx­
imately 2.3 times greater than the value measured in static fluid. This 
dependence of damping on mean flow velocity can be very important because 
vibration amplitude at resonance depends directly on damping, as do certain 
forms of instability. 
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(iii) P a r a m e t r i c V i b r a t i o n 

Not r e p o r t e d p r e v i o u s l y . 

The s tudy of f low- induced v i b r a t i o n h a s been ex tended to 
inc lude t h e i n v e s t i g a t i o n of p a r a m e t r i c v i b r a t i o n , the inf luence of in i t i a l 
c u r v a t u r e , and the c o m b i n e d ef fec ts of p a r a l l e l flow and c r o s s f l o w . 

To u n d e r s t a n d the fundamen ta l d y n a m i c m e c h a n i s m of the 
v i b r a t i o n of a tube conveying fluid, f r e e v i b r a t i o n is e x a m i n e d . B e c a u s e the 
b o u n d a r y - v a l u e p r o b l e m a s s o c i a t e d wi th the s y s t e m is not H e r m i t i a n in 
c h a r a c t e r , t he a n a l y t i c a l so lu t ion is not e a s y to obta in . H o w e v e r , if the f lex-
u r a l r i g i d i t y of t he tube is n e g l e c t e d , the m a t h e m a t i c a l so lu t ion in c lo sed 
f o r m is f e a s i b l e . The m a i n c h a r a c t e r i s t i c s of the d y n a m i c b e h a v i o r of the 
tube can be ob ta ined f r o m a s impl i f i ed m o d e l . 

It is w e l l - k n o w n tha t n a t u r a l f r e q u e n c i e s depend on the ax ia l 
t r a n s p o r t v e l o c i t y u of the fluid. The m o r e i n t e r e s t i n g fact is tha t the s y s t e m 
does not p o s s e s s c l a s s i c a l n o r m a l m o d e s , b e c a u s e the v a r i o u s p a r t s of the 
tube do not v i b r a t e in the s a m e p h a s e , tha t i s , the p h a s e is not c o n s t a n t a long 
the tube but p r o p a g a t e s with a v e l o c i t y V . The p h a s e p r o p a g a t i o n ve loc i ty 
a l s o d e p e n d s on the t r a n s p o r t ve loc i ty , a s shown in F i g . IV .C .2 , w h e r e ^ 
is the r a t i o of the "added" m a s s of fluid t o the m a s s of the s u m of fluid and 
tube . The h i s t o r y of the m o d e s h a p e s of the f i r s t and second m o d e s a r e 
given in F i g . IV. C .3 . When u / c = 0, the tube v i b r a t e s in c l a s s i c a l n o r m a l 
m o d e , but for u / c / 0, the p h a s e p r o p a g a t e s t o w a r d u p s t r e a m . T h i s phe ­
nomenon is due to the effect of C o r i o l i s fo rce , which is i n t r i n s i c to such a 
moving s y s t e m in t r a n s v e r s e v i b r a t i o n . 

Fig. IV.C.2 
How Phase-propagation Velocity 
Decreases with Transport Veloc­
ity of Fluid 

0 5 1.0 

Rotio of Flow Vektcily to Souml Velocity, 
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Fig. IV.C.3. History of Mode Shapes of Fundamental Mode (left) and 
Second Mode (right) for Three Values of the Ratio of 
Fluid Axial Transport Velocity to the Velocity of Sound 

If t h e t r a n s p o r t v e l o c i t y v a r i e s w i t h t h e t i m e , w e r e p r e s e n t 

i t i n t h e f o r m 

u = Uo(l +M c o s CDt), 

w h e r e UQ a n d jj. a r e c o n s t a n t s . T h e f l u c t u a t i o n of f l o w v e l o c i t y c a n r e s u l t 

f r o m t h e p u m p i n g o p e r a t i o n o r t h e u n s t e a d y c o m p o n e n t i n a t w o - p h a s e f l o w . 

D u e t o f l o w p u l s a t i o n , t h e t u b e c a n l o s e i t s s t a b i l i t y b y p a r a m e t r i c r e s o n a n c e . 

T h e s t a b i l i t y b o u n d a r i e s a r e a n a l y z e d b y u s i n g B o l o t i n ' s M e t h o d . T h e p r i n ­

c i p a l a n d s e c o n d a r y i n s t a b i l i t y r e g i o n s a r e e x p r e s s e d a s 

Pi s 2cDi £ Pz; 

q i £ • 
CDi 

qz. 

w h e r e cOi is the fundamenta l f r equency of t he tube for z e r o t r a n s p o r t v e l o c ­
i ty, and pi , pi, qi , and qj a r e funct ions of the p a r a m e t e r s /.i, /3, and k, w h e r e 
k is the r a t i o of t r a n s p o r t v e l o c i t y UQ to the c r i t i c a l flow 

The in s t ab i l i t y r e g i o n s for a s i m p l y s u p p o r t e d tube a r e 
given in F ig . IV.C.4 . F r o m it and r e l a t e d f i g u r e s we conc lude tha t : (1) t he 
second ins t ab i l i t y r eg ion is m u c h n a r r o w e r than the p r i n c i p a l r e g i o n , (2) the 
width of the ins tab i l i ty r eg ion depends on the t r a n s p o r t v e l o c i t y c o m p o n e n t 
UQ; as k i n c r e a s e s , the p a r a m e t r i c r e s o n a n c e f r e q u e n c y d e c r e a s e s and the 
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width of t he i n s t a b i l i t y r e g i o n i n c r e a s e s , (3) the effect of C o r i o l i s f o r c e , 
wh ich is p r o p o r t i o n a l t o ^, i s to l o w e r t he i n s t a b i l i t y r e g i o n s , but it h a s 
l i t t l e effect on t he wid th of the i n s t a b i l i t y r e g i o n , and (4) the i n s t a b i l i t i e s a t 
c o n s t a n t flow ve loc i t y need not c o n c e r n r e a c t o r d e s i g n e r s b e c a u s e they 
o c c u r at high t r a n s p o r t v e l o c i t i e s t ha t a r e not l ike ly to be used in r e a c t o r 
c h a n n e l s , but p a r a m e t r i c r e s o n a n c e can occur at l o w e r flow v e l o c i t i e s . 

2.0 

l.S 

1.0 — 

0.8 

o.e 

04 

Fig. IV.C.4 

Stability Diagram for B > 0.2 

0.1 0.2 
Excttation Parameter, u 

0.4 

(iv) Consultation. Representatives of Foster-Wheeler Corp., 
Livingston, New Jersey , visited to discuss the ANL program in flow-induced 
vibration, with emphasis on instrumentation, data processing, and flow-loop 
design. The firm is establishing a test program (1) to study the flow-induced 
vibration of heat-exchanger tubes and (2) to evaluate given designs as to 
their potential for detrimental flow-induced vibration. 



D. C h e m i s t r y and C h e m i c a l S e p a r a t i o n s 

1. Aqueous and Vola t i l i ty P r o c e s s e s - F l u o r i d e V o l a t i l i t y P r o c e s s 

a. F l u o r i n a t i o n C h e m i s t r y and P r o c e d u r e s (M. J . S t e i n d l e r ) 

L a s t R e p o r t e d : A N L - 7 5 4 8 , pp. 105-107 ( J an 1969)-

A second se t of five s t a t i s t i c a l l y d e s i g n e d e x p e r i m e n t s . Runs 
F F - B l to F F - B 6 , to deve lop f luor ina t ion p r o c e d u r e s for F B R fuel h a s been 
comple ted . (For d i s c u s s i o n of f i r s t se t of e x p e r i m e n t s , s ee P r o g r e s s R e ­
p o r t for N o v e m b e r 1968, A N L - 7 5 1 8 , pp. 103-105.) The g e n e r a l p rocedu i re 
Inc ludes oxidat ion to r e d u c e the fuel to powder , f l u o r i n a t i o n wi th d i lu te f luo­
r i n e to c o n v e r t the bulk of the u r a n i u m to vo la t i l e U F „ and f l ^ ° " " ^ t i o n wi th 
c o n c e n t r a t e d f luor ine to p r o d u c e vo la t i l e P u F , . The p u r p o s e of F F - B l to 
F F - B 6 is to d e t e r m i n e the effect on p lu ton ium r e t e n t i o n m the f lu id ized bed 
of the following v a r i a b l e s : 

1. oxidat ion of the fuel (if the fuel i s ox id ized p r i o r to f l u o r i n a ­
t ion, oxygen is u s e d as the di luent dur ing u r a n i u m f luor ina t ion ; if the fuel i s 
not f i r s t oxidized, n i t r o g e n is u s e d as the d i luent ) ; 

2. r e c y c l e - f l u o r i n a t i o n s e q u e n c e (one 
h r at 55 0°C; the o the r , 4 h r at 5 00°C ai 

3. r a t e of f luor ine bui ldup dur ing the in i t i a l r e c y c l e - f l u o r i n a t i o n 
iod (fast i n c r e a s e to 90 vol % f luo r ine , ~35 min ; slow i n c r e a s e to 90 vol %, 

2. r e c y c l e - f l u o r i n a t i o n s e q u e n c e (one s e q u e n c e w a s 4 h r at 
400°C and 4 h r at 550°C; the o the r , 4 h r at 500°C and 4 h r at 550°C); 

per 
1 h r ) . 

In each run , the c h a r g e was 65 0 g of UO2-2O wt % PuOz, 1100 g 
of -40 + 170 m e s h a lumina , 69 g of n o n r a d i o a c t i v e ox ides of f i s s i o n - p r o d u c t 
e l e m e n t s s imula t ing a b u r n u p of 100,000 M W d / t o n , and 0.75 g NpOz. Dur ing 
the c u r r e n t r e p o r t i n g p e r i o d , Runs F F - B 3 to F F - B 6 w e r e c o m p l e t e d (for 
Runs F F - B l and F F - B 2 , see ANL-7648) . 

The oxidat ion s t ep was omi t t ed in Run F F - B 3 ; s i n c e a cake d e ­
veloped in the r e a c t o r in th i s run , ox ida t ion w a s inc luded in the r e m a i n d e r 
of the r u n s , and Run F F - B 3 was w i t h d r a w n f r o m the s t a t i s t i c a l d e s i g n . The 
lowest r e t en t ion of p lu ton ium in the bed w a s a c h i e v e d wi th R u n s F F - B 5 and 
F F - B 6 , which w e r e planned as r e p l i c a t e r u n s to d e t e r m i n e t he e x p e r i m e n t a l 
e r r o r . They ind ica ted tha t , wi th oxid ized fuel, r e c y c l e - f l u o r i n a t i o n t e m p e r ­
a t u r e s of 400 and 550°C, and a r a p i d f luor ine i n c r e a s e , r e s i d u a l p l u t o n i u m in 
the bed could be r e d u c e d to about 1% of the c h a r g e . 

The f luor ina t ion of p lu ton ium wi th 90 vol % F2 w a s found to follow 
a d i m i n i s h i n g - s p h e r e r e a c t i o n m o d e l du r ing the i n i t i a l p e r i o d of r e c y c l e -
f luor inat ion. Reac t ion r a t e s as a function of t e m p e r a t u r e gave an a p p a r e n t 



171 

activation energy of 8.6 kcal /mol , which is in good agreement with l i terature 
values (8.7 to 15.5 kcal/mol) reported for the temperature range from 170 to 
BOCC* 

b. Purification Procedures and Fission Product Chemistry 
(M. J. Steindler) ' 

L a s t R e p o r t e d : A N L - 7 5 6 1 , pp. 8 0 - 8 3 ( M a r c h 1969)-

(i) PuFfc C h e m i s t r y and P u r i f i c a t i o n . The m o s t r e c e n t f lowsheet 
for p r o c e s s i n g F B R fuels i n d u c e s the r e m o v a l of P u F ^ f r o m v a r i o u s p r o c e s s 
gas s t r e a m s by r e a c t i o n wi th so l id L i F . Since r e c o v e r y of the p lu ton ium 
f r o m the L i F b e d s would be e s s e n t i a l to k e e p the p r o c e s s l o s s wi th in a c c e p t ­
able l i m i t s , e x p e r i m e n t s h a v e been c a r r i e d out to d e t e r m i n e the r e c o v e r y 
r a t e s for p l u t o n i u m f r o m the so l id c o m p l e x e s L i P u F j and Li4PuF8 tha t a r e 
a p p a r e n t l y f o r m e d . The e x p e r i m e n t s involved r e a c t i n g the c o m p l e x e s with 
1-atm f l u o r i n e . 

The da ta ob ta ined in the e x p e r i m e n t s a r e not c o n s i s t e n t with 
d i m i n i s h i n g - s p h e r e m o d e l s - - t h e r a t e of r e a c t i o n of a s a m p l e of e i t h e r c o m ­
plex does not d e c r e a s e a s the p lu ton ium conten t of the so l id p h a s e d e c r e a s e s . 
The da t a can, t h e r e f o r e , be d e s c r i b e d by a r a t e law tha t is of z e r o o r d e r with 
r e s p e c t to the c o n c e n t r a t i o n of p l u t o n i u m in the sol id p h a s e : 

FWo = kt , 

w h e r e F is t he f r a c t i o n of p lu ton ium r e a c t e d af ter t i m e t, Wo is the in i t i a l 
we igh t of PUF4 in t he c o m p l e x , and k is the c a t e c o n s t a n t . The a c t i v a t i o n 
e n e r g i e s o v e r the r a n g e f r o m 350 to 450°C w e r e 12 k c a l / m o l for L i P u F t and 
10 k c a l / m o l for Li4PuFg. 

(ii) F i s s i o n P r o d u c t C h e m i s t r y . An o x y g e n - f l u o r i n e m i x t u r e h a s 
been p r o p o s e d a s the in i t i a l f luor ina t ing agent in the f luor ide vo la t i l i ty p r o ­
c e s s . A p r e l i m i n a r y i n v e s t i g a t i o n of the b e h a v i o r of s e l e c t e d f i s s ion p r o d ­
uc t s in a 10:1 o x y g e n - f l u o r i n e m i x t u r e h a s been c a r r i e d out b e c a u s e t he 
a v a i l a b l e d a t a s u g g e s t the p o s s i b i l i t y tha t compounds o the r than b i n a r y f luo­
r i d e s m a y f o r m in t h i s p r o c e s s s t e p . 

R e s u l t s ob ta ined th rough t h e r m o b a l a n c e weight - los s da ta and 
X - r a y d i f f r ac t ion a n a l y s i s of r e a c t i o n i n t e r m e d i a t e s ind ica ted tha t , when 
f i s s i o n p r o d u c t s or t h e i r ox ides a r e exposed to O2-F2 m i x t u r e s at e l e v a t e d 
t e m p e r a t u r e s , both O2 and F2 r e a c t . The ox ides , excep t RUO2, r e a c t 
m a r k e d l y s l o w e r than the e l e m e n t s . In m o s t c a s e s , a c o m p l e x r e a c t i o n t a k e s 
p l a c e wi th a we igh t ga in fol lowed by a weight l o s s - - e a c h f i s s i o n - p r o d u c t 

Gendie.R.,CEA-2161 (1962); Vandenbussche,G..CEA-R-2859 (1964); Chemical Engineering Division 
Summary Report - July, August, September, 1958, ANL-5924, p. 32 (1958). ~ 



i-rr 4.1 , v^iatilp nxides and oxyfluorides (e.g., RUO4, 
t ^ r Z ' ^ : ^ : : ^ ' ^ ^ ^ ^ — - ' ^^^ formation of RUO^ 
f p ; ° S ' s t f b e Catalyzed by F2; antimony ignites to Sb204 and a nonvolatile 
unidentified species, and appears m the form of a fog. 

(iii) N.pt .n ium Fluoride Chemistry. During experiments to 
compare the relative tendencies of NpF^, P u F „ and UF, to decompose by 
T a ' o u s ene rg , stimuli, it was discovered that P u F , can be formed at room 
lemperature by ultraviolet irradiation (3125 A) of the system solid PuF^-
gaseous fluorine (300 mm Hg). Spectrophotometric — - " - - ^ ^ ^ j ^ ^ ^ ^ „^ 
quantity of PuF , produced and actmometric ^--^^^-^--'^ f'^^'J^^^^J^l' 
the number of light quanta incident on the system were used to est imate 
apparent quantum yield of 4 x 10 ^ molecule of P u F , per quantum, i^e 
7 x 1 0 - ^ kW-hr energy were required per gram of P u F , produced. The quan­
tum yield could possibly be improved by optimizing the mechanics of ex­
posing this heterogeneous system to light. 

c. Energineering-scale Development for FBR Fuels (N. M. Levitz) 

Last Reported; ANL-7561, pp. 83-84 (March 1969). 

(i) Alpha Facility Maintenance. Useful information on the dura­
bility of gloves has been obtained during the course of the operation of the 
smaller glovebox of the Engineering-scale Alpha Facility. 

This glovebox, three-module by four-module unit, houses off-
gas scrubbers, AEC filters, and oxygen and fluorine gas manifolds, which 
supply the process equipment located in the larger glovebox. The small box 
has been exposed mainly to filtered ventilation air at near-ambient 
temperatures . 

Deteriorationof 41 of the 95 seamless , milled neoprene gloves 
has been observed, and the 41 gloves have been replaced. Most of the dete­
rioration consisted of cracking at folds and creases after long periods of 
nonuse. Polymer-coated neoprene gloves installed in 39 of the 95 positions 
showed no deterioration except discoloration. Little damage to gloves due to 
abrasion or wear was evident, although fairly heavy mechanical work was 
performed in this box. 

Polymer-coated gloves (with the coated side exposed to the box 
interior) should be considered for more general use, although they are some­
what stiffer and more tiring to use. It was concluded that gloves should be 
left fully extended when not in use, and frequent inspections are desi rable . 
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d- E n g i n e e r i n g D e s i g n , A n a l y s i s and E v a l u a t i o n (N. M. Lev i t z ) 

L a s t R e p o r t e d : A N L - 7 5 5 3 , pp. 98-100 (Feb 1969). 

F i n a l ed i t ing , p r i o r to pub l i ca t ion , is u n d e r way on the concep tua l 
d e s i g n s tudy for a l a r g e f l uo r ide vo la t i l i t y p lant for r e p r o c e s s i n g L M F B R 
fuels . 

2. C losed Cyc le P r o c e s s e s - - C o m p a c t P y r o c h e m i c a l P r o c e s s e s 

a- Suppor t ing C h e m i c a l S tud ies (I. Johnson) 

L a s t R e p o r t e d : A N L - 7 5 5 3 , pp. 100-101 (Feb 1969). 

In the p y r o c h e m i c a l p r o c e s s c u r r e n t l y u n d e r d e v e l o p m e n t , d e -
c ladding of the spen t fuel e l e m e n t s i s ach i eved by d i s s o l u t i o n of the s t a i n l e s s 
s t e e l c ladding in m o l t e n z inc ( s ee Sect, d, be low) . It h a s been p r o p o s e d by 
P a y r i s s a t and W u r m * tha t a m o l t e n Sb-17 .3 at . % Cu m a y be an a t t r a c t i v e 
a l t e r n a t i v e to z inc b e c a u s e of t he c o n s i d e r a b l y h ighe r s o l u b i l i t i e s of s t a i n ­
l e s s s t e e l c o n s t i t u e n t s in the Sb -Cu a l loy . H o w e v e r , it w a s pointed out that 
ag i t a t ion of the s y s t e m is n e c e s s a r y in o r d e r to a c h i e v e a s a t i s f a c t o r y d i s ­
so lu t ion r a t e . 

S e v e r a l l a b o r a t o r y - s c a l e e x p e r i m e n t s w e r e p e r f o r m e d to in ­
v e s t i g a t e the S b - C u s y s t e m a s a dec l add ing so lven t . In one c a s e , two 
s a m p l e s of Type 304 s t a i n l e s s s t e e l ( 5 / l 6 - i n . r o d s ) w e r e he ld in con t ac t 
with l iquid S b - 1 7 . 3 at . % Cu a l loy at 925°C for 7 days u n d e r s t a t i c cond i t i ons . 
About 20% of t he s t a i n l e s s s t e e l d i s s o l v e d . Jv le ta l lograph ic e x a m i n a t i o n 
i n d i c a t e d tha t the low r a t e of d i s s o l u t i o n r e s u l t e d f r o m the f o r m a t i o n 
of one o r m o r e a d h e r e n t i n t e r m e t a l l i c p h a s e s on the s u r f a c e of the 
s t a i n l e s s s t e e l . A s u b s e q u e n t e x p e r i m e n t was conduc ted in which one s ide 
of a 3 / 8 - i n . - t h i c k s a m p l e of Type 304 s t a i n l e s s s t e e l was exposed with 
m o d e r a t e a g i t a t i o n to Sb- 17.5 at . % Cu at 900°C. Within a p e r i o d of 60 m i n 
the s a m p l e had d i s s o l v e d c o m p l e t e l y . T h e s e r e s u l t s s u b s t a n t i a t e the s t a t e ­
m e n t c o n c e r n i n g the i m p o r t a n c e of ag i t a t ion if the Sb-Cu s y s t e m is u s e d a s 
a dec l add ing so lven t . 

S a m p l e s of t u n g s t e n and M o - 3 0 wt % W ( p o s s i b l e c o n t a i n m e n t 
m a t e r i a l s for the dec l add ing so lven t ) w e r e a l s o held in con tac t with Sb-
17.3 at . % Cu a l loy at 925°C for 7 days unde r s t a t i c cond i t i ons . The t u n g ­
s t en showed no n o t i c e a b l e a t t ack , but the M o - 3 0 wt % W a l loy w a s a t t a c k e d 
s e v e r e l y t h r o u g h the f o r m a t i o n of a S b - M o i n t e r m e t a l l i c p h a s e . 

*Paytissat. M., and Wurm, J. C, Decladding of U02-Pu02/Stainless Steel Fast Reactor Fuels by Liquid Metals, 
presented before the EAES Symposium, Mol, Belgium, Oct. 28-29, 1968. 
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b. Process Engineering Studies (R. D. Pierce) 

Last Reported: ANL-7553, p. 101 (Feb 1969). 

Tantalum and niobium as well as their alloys are being tested as 
candidate container mater ia ls for pyrochemical p rocesses . These mater ia l s 
have shown a tendency to become hardened and embrittled during exposure to 
salt mixtures and vapors during containment t es t s . Hydrogen embrit t lement 
is known to be the principal mechanism. 

Tests were performed with coupons of Nb-Zr alloy to determine 
whether degassing of furnace components before exposure of the coupons 
would have any effect on hardening of the alloy. The tes ts were performed m 
a furnace that had previously been exposed to a salt environment. Coupons 
of Nb-Zr alloy were exposed to an argon atmosphere at 700°C, with and with­
out prior degassing of the furnace components. 

The results of these tests indicate that degassing the furnace 
components before the tests reduces the increase in hardness , but that 
residual contaminants may never by completely removed because they are 
given off slowly. Degassing of furnace components prior to mater ia l s tes ts 
has been adopted as a routine procedure, and methods of improving the pu­
rity of the salt mixtures are being investigated. 

Tests were also performed to determine if Nb-Zr alloy samples 
that had been hardened by exposure to a furnace environment containing salt 
could be freed of hydrogen and reduced in hardness by heating under a 
vacuum. The samples were heated at 500°C for one hour at ~10" Torr p re s ­
sure and cooled under the same pressure . The t reatment was ineffective in 
reducing the hardness. 

Individual tests of molybdenum, TZM (Mo-0.5 wt % Ti-
0.08 wt % Zr), Mo-30 wt % W, and tungsten were made by exposing these 
materials to a MgCl2-30 mol % NaCl-20 mol % KCl salt mixture for 24 hr at 
700°C. The molten salt and vapor phase above the salt had little effect on 
these refractory mater ia ls . Little or no change in hardness was observed 
and most of the samples had no measurable weight change. These four ma­
terials perform much better than niobium or tantalum under the same 
conditions. 

c. Experimental Flowsheet Investigations (R. D, Pierce) 

Last Reported: ANL-7561, p. 85 (March 1969). 

Work is continuing on the Plutonium Salt Transport Experiment. 
Shop work is under way on the fabrication of the three transfer lines for 
glovebox 3 (see Progress Report for September 1968, ANL-7500, p. 115). 



Stainless steel and Mo-30 wt % W parts are being machined, and a bending 
jig is being modified for bending the Mo-30 wt % W tubing sections for the 
t ransfer lines. 

Specifications have been prepared and bids are being solicited 
for a processing vessel for box 3; this vessel is designed to operate under 
full vacuum for extended periods with wall temperatures of 1000°C. 

A 30-kW induction-heatmg work station has been installed 
under the helium recirculat ion duct at the end of glovebox 3, and coupling 
and heating tes ts are being performed on the five vessels in box 3 that 
will utilize induction heating. When all of the heating equipment is installed, 
it will be possible to heat three furnaces simultaneously by induction heat­
ing and a fourth by res is tance heating. 

Electr ical work that has been completed in glovebox 3 includes 
wiring for t ransfer- l ine heaters , p rocess -vesse l p ressure control, thermo­
couples, controls for agitators, monitors for sound and vibration, liquid-
level detectors , and power and control wiring for tower hoists. Power 
wiring for the traveling hoists, lights, and general glovebox service outlets 
is being installed. 

All of the vacuum and helium piping that has been installed to 
date has been checked for leaks with helium and found to be leak tight. This 
includes all piping for the helium-purification system, helium storage and 
supply, vacuum tank and supply for all process vessels in box 3, and 
vacuum and helium piping for lock 7. 

« 
All of the windows were installed in glovebox 4, and leak check­

ing of the box was completed. 

c. Decladding and Fuel Resynthesis (R. D. Pierce) 

Last Reported: ANL-7548, p. 110 (Jan 1969). 

Two experiments were performed to study the kinetics of the 
dissolution of Type 304 stainless steel in molten zinc to provide information 
for the decladding step of the current pyrochemical process . The resul ts 
of the experiments indicate that although the maximum loading of stainless 
steel constituents in solution in molten zinc is about 8 wt % at 800°C, rapid 
disintegration of the stainless steel continues up to a loading of about 
15 wt %, even though the zinc is saturated with chromium and iron. The 
disintegrated stainless steel constituents are suspended in the zinc, and 
would be separated from the precipitated fuel oxide when the zinc is t r an s ­
ferred from the decladding vessel . 
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In other work, a ser ies of six experiments have been performed 
to develop equipment and techniques for removing the zinc heel from the 
decladding step of the current pyrochemical process . The zinc heel is 
evaporated from the decladding vessel and the distil late is collected m a 
horizontal, graphite-lined condenser. The distillate enters the condenser 
from one end and flows horizontally, impinging and condensmg on ver t ical 
baffles staggered along the length of the condenser. A constant purge of 
argon from the decladding vessel through the condenser is en^ployed to r e ­
duce the amount of zinc that condenses on the heat shields and secondary 
container in the decladding vessel . 

In the most recent experiment, 4 kg of zinc was charged to the 
decladding vessel and 100% of the charge was evaporated. Approximately 
85% of the zinc was collected in the condenser, 8% on the heat shields, and 
7% on the upper portion of the secondary container. These resul ts demon­
strate that this type of equipment can be used to remove the zinc heel m the 
decladding step of the process . 

3. General Chemistry and Chemical Engineering 

a. Sodium Chemistry 

(i) Characterization of Carbon-bearing Species in Sodium 
(F. A. Cafasso) 

Last Reported: ANL-7548, p. H I (Jan 1969). 

Studies to determine the stability of solid disodium acetylide 
(Na2C2) in the presence of liquid sodium have begun. The resul ts of prel imi­
nary experiments indicate that the solid acetylide decomposes above 400°C; 
the behavior below this temperature is now under study. 

(ii) Identification of Mechanism(s) of Carbon Transport in 
Sodium Systems (F. A. Cafasso) 

Last Reported: ANL-7548, p. I l l (Jan 1969)-

A model for carbon t ransport in sodium-steel systems has 
been developed in this laboratory. The model involves the formation of di­
sodium acetylide (Na2C2) by the reaction of liquid sodium with carbon at the 
appropriate activity in steel, and postulates that t ranspor t of carbon between 
steels occurs via dissolved acetylide. Effort is now being directed toward 
establishing how the concentration of acetylide in sodium var ies with tem­
perature and with carbon activity in steels . 
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(iii) K i n e t i c s of Solu t ion and P r e c i p i t a t i o n of Sod ium Oxide 
(F . A. Ca fa s so ) 

L a s t R e p o r t e d : A N L - 7 5 4 8 , p . 112 ( Jan 1969). 

In i t i a l ef for t in t h i s a r e a is being p laced on e s t a b l i s h i n g the 
m o r p h o l o g y of s o d i u m oxide c r y s t a l l i t e s and the k i n e t i c s of t h e i r g rowth in 
sod ium. A c o m b i n a t i o n of u l t r a h i g h - v a c u u m and m i c r o s c o p i a l t e c h n i q u e s 
wi l l be needed for t h i s p u r p o s e . Spec i f i ca t ions for an u l t r a h i g h - v a c u u m 
c h a m b e r h a v e b e e n p r e p a r e d , and an o r d e r for i ts p u r c h a s e h a s been p l aced . 
Until t h i s e q u i p m e n t i s r e c e i v e d , m i c r o s c o p i c e x a m i n a t i o n of s o d i u m s a m p l e s 
wi l l be m a d e wi th an i n e r t - a t m o s p h e r e s t a g e e n c l o s u r e which h a s been c o n ­
s t r u c t e d . 

(iv) Su r f ace P h e n o m e n a in Liquid Sodium (F A. Cafasso ) 

L a s t R e p o r t e d : A N L - 7 5 4 8 , p. 112 (Jan 1969)-

(a) Su r f ace Diffusivi ty S tud ies . The r o l e of s u r f a c e diffu­
s ion in enhanc ing the c o r r o s i o n of s t r u c t u r a l m a t e r i a l s in l iquid s o d i u m h a s 
not yet b e e n e l u c i d a t e d . A s tudy of t h i s effect by the t echn ique of g r a i n -
b o u n d a r y g roov ing is u n d e r way. 

S p e c i m e n s o f a - i r o n wi th po l i shed s u r f a c e s w e r e ex ­
posed to l iquid s o d i u m at 800°C for up to s even d a y s . I n t e r f e r o m e t r i c m e a ­
s u r e m e n t s of the g r a i n - b o u n d a r y g r o o v e angle showed that the r a t i o of the 
i r on g r a i n - b o u n d a r y t e n s i o n to the i r o n - s o d i u m i n t e r f a c i a l t e n s i o n was 
7 s s / ^ S L ~ 0.49 ± 0.09. The r a t i o of the r i d g e he igh t to the g r o o v e dep th w a s 
found to be h / d = 0.153 ± 0.018. It can be shown'* that h / d is 0.149 when the 
g r o o v e is f o r m e d by v o l u m e diffusion and 0.208 when f o r m e d by s u r f a c e dif­
fus ion. W o r k a t o t h e r l a b o r a t o r i e s on annea l ing of a - i r o n in v a c u u m h a s 
ru l ed out v o l u m e diffusion t h r o u g h the sol id a s the con t ro l l i ng m e c h a n i s m . 
T h u s , the m e c h a n i s m of g r a i n - b o u n d a r y g roov ing in a - i r o n , a s ind ica ted by 
t h e s e e x p e r i m e n t s , i s v o l u m e diffusion of i r o n a t o m s t h r o u g h the l iquid 
s o d i u m . 

(v) To ta l Vapor P r e s s u r e and Oxygen P o t e n t i a l s in the 
T e r n a r y S y s t e m U - P u - O (P . E. B l a c k b u r n ) 

L a s t R e p o r t e d : A N L - 7 5 5 3 , pp. 103-104 ( F e b 1969). 

S e g m e n t s of the t r a n s p i r a t i o n a p p a r a t u s d e s i g n e d for m e a ­
s u r i n g both oxygen p o t e n t i a l s and to t a l p r e s s u r e s over P u 0 2 - x have b e e n 

*Mullins, W. W., J. Appl. Phys. 2£, 333(1957); Trans. Met. Soc. AIME 218, 354(1960); Allen, B. C , ibid., 
236. 915(1966). 
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1 „ or,^ intprlncks were found functional, 
dynamically tested All safety ^ - - " ^ ^ ^ ^ ^ ^ ^ ^ . t instrumentation has 
as was the entire furnace system. Calibration oi 
been carr ied out. All construction short of sealmg the box also has been 
comp eted The preliminary experiments with U40,-U303 will begm shortly, 
s imples of U3O3 have been prepared, and the fabrication of i n d i u m crucibles 
for containing U4O,-U3O8 samples has been completed. 

(vi) Total Effusion of Pu-O and U-Pu-O (P. E. Blackburn and 

R. K. Edwards) 

Last Reported: ANL-7553, p. 104 (Feb 1969) 

The effusion apparatus, previously used to determine the 
congruently vaporizing composition of urania as a function of tempera ture , 
has been installed in a glovebox so that effusion studies of plutomum-
bearing materials may be carr ied out. Modification of the apparatus to in­
corporate the quadrupole mass spectrometer and the vacuum microbalance 
has been completed. Internal components, such as the Knudsen cell mounting 
device are being assembled within the apparatus for testing. The effusion 
experiments will begin shortly. The equipment will also be used to measure 
the relative ionization cross sections for U-O and Pu-O molecules essential 
for the partial vapor pressure studies of U-Pu-O (see P r o g r e s s Report for 
March 1969, ANL-7561, p. 89). 
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A D e m o u n t a b l e I n d u c t i o n - H e a t e r P o w e r - L e a d Coupling for Use in Ul t r ah igh 
V a c u u m 

P . M. D a n i e l s o n 
Rev . Sci . I n s t r . 4£, 736 -737 (May 1969) Note 

U l t r ah igh V a c u u m E q u i p m e n t for M a t e r i a l s S tud ies above 2000°C 
P . M. D a n i e l s o n and J . S. H e t h e r i n g t o n * 

I n t e r n . T r a n s . V a c u u m M e t a l l u r g y Conf., New York, June 1967, 
Ed. E. L. F o s t e r . A m . V a c . S o c , New York , 1968, pp. 305-319 

Dynamic A n a l y s i s of L i q u i d - m e t a l - c o o l e d F a s t P o w e r R e a c t o r s 
J . A. DeShong, J r . 

A N L - 7 5 2 9 ( J a n u a r y 1969) 

Des ign and App l i ca t i on of C o r r o s i o n - r e s i s t a n t Hea t ed T r a n s f e r Tubes for 
Liquid M e t a l s and S a l t s 

D. E . G r o s v e n o r , I. O. W i n s c h , W. E . M i l l e r , G. J . B e r n s t e i n , and 
R. D. P i e r c e 

A N L - 7 5 2 2 ( D e c e m b e r 1968) 

A H i g h - t e m p e r a t u r e , F l u i d i z e d - b e d P r o c a s s for Conve r t i ng U r a n i u m 
Dioxide to U r a n i u m M o n o c a r b i d e 

John T. H o l m e s , J o h n R. P a v l i k , P a u l A. N e l s o n , and Johan E. A. G r a a e 
ANL-7482 ( N o v e m b e r 1968) 

The En tha lp i e s of F o r m a t i o n of P l u t o n i u m Diox ide and P l u t o n i u m Monon i t r i de 
G. K. Johnson , E . H. Van D e v e n t e r , O. L. K r u g e r , and W. M. Hubbard 

J. C h e m . T h e r m o d y n a m . 1969(1), 8 9 - 9 8 (1969) 

Uranium P u r i f i c a t i o n by the P r o c e s s of Sal t T r a n s p o r t 
J. B. Knighton, I. J o h n s o n , and R. K. S t e u n e n b e r g 

ANL-7524 ( M a r c h 1969) 

Nuclear Magnet ic R e s o n a n c e and R e l a x a t i o n of ^ ' P in the P a r a m a g n e t i c 
State of the UP- US Solid So lu t i ons 

Moshe Kuznietz , G. A. M a t z k a n i n , and Y. B a s k i n 
Bull . Am. P h y s . Soc. 14(3), 333 ( M a r c h 1969) A b s t r a c t 

•* Varian Associates, Palo Alto, Calif 
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Mass-spect rometr ic Effusion Study of Uranium Monophosphide 
J. W. Reishus, G. E. Gunderson, P. M. Danielson, and R. K. Edwards 

ANL-75 14 (November 1968) 

Transient Thermal Stresses Associated with Sudden Initiation of Internal 
Heat Generation in a Segment of a Circular Cylinder 

R. A. Valentin and D. F . Schoeberle 
Nucl. Eng. Design 9_(1). 63-80 (January 1969) 

Parallel-Flow-Induced Vibration of a Cylindrical Rod 
M. W. Wambsganss, J r . and B. L. Boers 

Mech. Eng. 91(4), 64 (April 1969) Abstract 

The CaCl2-Rich Region of the CaClz-CaFj-CaO System 
D. A. Wenz, I. Johnson, and R. D. Wolson 

J. Chem. Eng. Data 14(2), 250-252 (April 1969) 
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V. NUCLEAR SAFETY 

A. Reactor Kinetics 

1. Accident Analysis and Safety Evaluation 

a. Accident Mechanics (G. J. F ischer ) 

Last Reported: ANL-7548, pp. 115-116 (Jan 1969). 

(i) Models for Calculating Sodium Expulsion from Reactor 
Coolant Channels. Work is in progress on developing a compressible flow 
model for theoretical studies of the behavior of sodium coolant during boil­
ing and expulsion in LMFBR coolant channels. 

As described previously (see P rog re s s Report for Sep­
tember 1968, ANL-7500, p. 123), the two-phase part of the model is a char­
acter is t ic solution to the coupled energy-momentum and continuity equations. 
The following tests or changes have been made in the computer program. 

The program was rewrit ten to increase the computational 
speed and now takes 10 ms to calculate the p re s su re void fraction and mass 
flow rate (MFR) at one point in the t ime-space plane on a CDC-3600 com­
puter. It was found that under certain conditions of p ressu re void fraction 
and MFR the equations changed from hyperbolic to elliptical, and the char­
ac ter is t ic solution was not applicable. This change in the type of differential 
equations was dependent on how the te rms of the energy and momentum equa­
tion were expanded and regrouped. The effett of slip, the sonic velocity, and 
other pa ramete r s on the type of differential equations was investigated. 

The two-phase program calculates the p ressure , MFR, 
and void fraction. A hand calculation of the energy, momentum, and mass 
balance showed that the mass and either the momentum or energy was con­
served, depending on how the momentum and energy equations were ex­
panded. This e r r o r is presently being investigated. 

The program to calculate the pure liquid temperature, 
p r e s su re , and velocity and the program to follow the interface between the 
pure liquid and the two-phase region has been written. Fuel-rod heat t r ans ­
fer has also been added. 
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2. R e a c t o r Con t ro l and Stabi l i ty 

a. R e a c t o r S tabi l i ty Des ign C r i t e r i a for Spa t i a l ly Dependen t 
S y s t e m s (C. Hsu and L . Habegger J 

L a s t Repo r t ed : A N L - 7 5 6 1 , p . 93 ( M a r c h 1969). 

(i) Non l inea r Model . The study of s p a c e - t i m e d y n a m i c s in 
n u c l e a r power s y s t e m s r e q u i r e s knowledge of i n i t i a l s t e a d y - s t a t e s p a c e -
dependent f luxes and t h e r m o h y d r a u l i c v a r i a b l e s . S t a n d a r d p r o c e d u r e s for 
s t e a d y - s t a t e flux ca l cu la t ions (e .g. , MACH-1*) a r e i n a d e q u a t e b e c a u s e of 
n o n l i n e a r i t i e s i n t roduced by power and t e m p e r a t u r e d e p e n d e n c y of t he nu ­
c l e a r c r o s s sec t ions in power r e a c t o r s . 

An i t e r a t i v e p r o c e d u r e r e f e r r e d to as q u a s i - l i n e a r i z a t i o n 
has been inves t iga ted as a p o s s i b l e p r o c e d u r e for obta in ing so lu t i ons to the 
non l inea r o n e - d i m e n s i o n a l s t e a d y - s t a t e r e a c t o r e q u a t i o n s . T h i s n u m e r i c a l 
p r o c e d u r e h a s been r e p o r t e d effective in the so lu t ion of c e r t a i n o t h e r non­
l i nea r mul t ipo in t b o u n d a r y - v a l u e p r o b l e m s . * * In i t i a l a p p l i c a t i o n s to the 
non l inea r diffusion equat ion 

| - D(x) | - 0(x) +a2:(x)0(x) + B(x)02(x) = 0; 
ox ox 

rl 
0(0) = 0(.«) = 0; / 0 ( x ) d x = P 

Jo 

i n d i c a t e e x c e l l e n t c o n v e r g e n c e c h a r a c t e r i s t i c s . T h e p r o c e d u r e s i m u l t a ­

n e o u s l y d e t e r m i n e s 0 (x ) a n d t h e p a r a m e t e r a f o r a g i v e n t o t a l p o w e r P , 

o r v i c e v e r s a , s u c h t h a t t h e s y s t e m i s c r i t i c a l . 

A p p l i c a t i o n t o m u l t i g r o u p e q u a t i o n s w i t h t h e r m o h y d r a u l i c 
f e e d b a c k s a n d e q u a t i o n s w i t h v a r i o u s t y p e s of n o n l i n e a r i t i e s w i l l b e i n v e s ­
t i g a t e d t o d e t e r m i n e t h e v a l u e of t h e p r o c e d u r e i n s o l v i n g p r a c t i c a l r e a c t o r -
s y s t e m p r o b l e m s . 

*Meneley, D. A., Kvitek, L. C , and O'Shea, D. M., MACH-I, A One-dimensional Diffusion Theory 
Package, ANL-7223 (June 1966). ' 
Kalaba, R., On Nonlinear Differential Equations, the Maximum Operation, and Monotone Convergence, 
J. Math. Mech._8, 519-574 (July 1959). 



183 

3. Coolant Dynamics 

a. Crit ical Flow (H. K. Fauske and M. A. Grolmes) 

(i) Sodium Tests 

Last Reported: ANL-7548, pp. 117-118 (Jan 1969). 

The experimental program measuring crit ical flow, p r e s ­
sure drop, void fraction, and nonequilibrium in sodium liquid-vapor mix­
tures was completed successfully. Thus the sodium flashing facility is 
being modified for testing various "plugging me te r s" for use in the Transient 
Test Facility that also is under construction. 

Analyses pertaining to p ressu re drop and nonequilibrium 
of liquid sodium-vapor mixtures are continuing. 

(ii) Sonic Velocity and Pressu re -wave Propagation 

Last Reported: ANL-7548, p. 118 (Jan 1969). 

The preparation of a topical report on the recent studies of 
p ressure -wave propagation in one- and two-component two-phase mixtures 
is being completed. 

(iii) Voiding Models 

Last Reported: ANL-7561, pp. 93-95 (March 1969). 

Results of the transient voiding of single channels are being 
analyzed to determine; (l) character is t ic flow regimes, (2) rates of expul­
sion or channel voiding, and (3) basic mechanisms governing various ex­
pulsion modes. Fur ther analytical consideration is being given to determining 
all appropriate c r i te r ia for the simulation of sodium expulsion or voiding in 
studies with nonmetallic fluids. Finally, additional static depressurizat ion 
tes ts have been initiated with multiple-pin channels (annulus and 7-pin). 
These tes ts , in addition to determining rates and modes of voiding, will de­
termine radial and axial void growth and the applicability of single-channel 
analysis to multiple-pin geometr ies . 

b. Coolant Dynamics (R. M. Singer and R. E. Holtz) 

Last Reported: ANL-7561, pp. 95-96 (March 1969). 

(i) Sodium Superheat Experiments . The superheat test vessel 
was removed from the Juggernaut reactor and was placed in the Juggernaut 
s torage pit until the radiation level of the test vessel decreases to a toler­
able level. 



(ii) C o o l a n t - e x p u l s i o n E x p e r i m e n t s . A quan t i ty of d a t a w e r e 
co l l ec ted ; r educ t i on and a n a l y s i s a r e u n d e r w a y . P r e l i m i n a r y e x a m i n a t i o n 
of t h e s e da ta ind ica te that the g e n e r a l i d e a s c o n c e r n i n g e x p u l s i o n a r e m o s t 
l ikely c o r r e c t , e.g. , the expu l s ion ve loc i ty i n c r e a s e s wi th i n c r e a s e d s u p e r ­
hea t , the axia l t e m p e r a t u r e g r a d i e n t m a r k e d l y af fec ts the m a x i m u m e x p u l ­
s ion d i s t a n c e , and p r e s s u r e s g e n e r a t e d at boi l ing i n c e p t i o n a r e r a t h e r s m a l l . 
It a l s o was o b s e r v e d tha t s l u g - t y p e expu l s ion o c c u r s only a t l a r g e s u p e r ­
h e a t s ; at s m a l l s u p e r h e a t s (~10-20°C), the flow p a t t e r n s a p p e a r t o be of a 
m o r e d i s p e r s e d c h a r a c t e r . 

Dur ing t h e s e t e s t s , a weld in the t e s t s e c t i o n fa i led; a new. 
m o r e highly i n s t r u m e n t e d t e s t s ec t i on i s be ing i n s t a l l e d . Di f f i cu l t i e s a r e 
cont inuing wi th the p r e s s u r e m e a s u r e m e n t s . The p r e s s u r e t r a n s d u c e r s 
a r e r epea t ed ly failing at the i n s t an t of s o d i u m r e - e n t r y ( s o d i u m h a m m e r ) ; 
r e m e d i a l ac t ion is being t aken . It i s not known w h e t h e r the t r a n s d u c e r f a i l ­
u r e s w e r e due to o v e r p r e s s u r i z a t i o n (which would r e q u i r e p r e s s u r e g r e a t e r 
than 200-400 ps i ) or the r ap id r a t e of r i s e of p r e s s u r e t r a n s i e n t s in which 
the p r e s s u r e i n c r e a s e s f rom 0 to 200 p s i in 20 / i s e c . 

(iii) T r a n s i e n t E x p e r i m e n t s . A s s e m b l y of the T r a n s i e n t T e s t 
Loop is continuing^ The loop piping being we lded into the s y s t e m i s i n s t r u ­
men ted with t h e r m o c o u p l e s and i n su l a t ed . A l s o , a s m a l l - s c a l e t e s t s e t u p 
for t e s t i ng the osc i l l a t ing plugging m e t e r i s be ing bu i l t . I n s t a l l a t i o n of t h i s 
type of plugging m e t e r wi l l p e r m i t cont inuous m o n i t o r i n g of the c o n c e n t r a ­
t ion of d i s so lved i m p u r i t i e s in the t e s t sod ium. 

4. Core S t r u c t u r a l Safety (C. K. Youngdahl) 

L a s t Repor ted : A N L - 7 5 6 1 , pp. 96-97 ( M a r c h 1969). 

a. Dynamic P l a s t i c i t y A n a l y s i s of C i r c u l a r S h e l l s . A v a i l a b l e so lu ­
t ions to dynamic p l a s t i c i t y p r o b l e m s have been r e f o r m u l a t e d in t e r m s of 
the p r o p o s e d equ iva lence p a r a m e t e r s ( i m p u l s e and ef fec t ive load) in o r d e r 
to t e s t the gene ra l i t y of th is c o r r e l a t i o n for v a r i o u s s t r u c t u r a l g e o m e t r i e s . 

C o n s i d e r a s imp ly s u p p o r t e d c i r c u l a r - p l a t e m o d e of a r ig id 
pe r fec t ly p l a s t i c m a t e r i a l obeying the T r e s c a y ie ld condi t ion and loaded by 
a un i fo rm p r e s s u r e P ( t ) . * Le t P ( t ) i n c r e a s e to a m a x i m u m Pjy]; wh ich e x ­
ceeds the s t a t i c y ie ld load Pg and then d e c r e a s e m o n o t o n i c a l l y to z e r o . If 
P M — 2Pg. a p l a s t i c hinge f o r m s at the c e n t e r of the p l a t e a t t = t when 
P = Pg . and p l a s t i c d e f o r m a t i o n con t inues to s o m e t i m e t£. If P j ^ > 2Pg . 
the cen t e r hinge beg ins to b r o a d e n into a p l a s t i c h inge band at t = t]-, when 
P = 2Pg. The band i n c r e a s e s in r a d i u s un t i l P = Pj^j; and then d e c r e a s e s 

*Hopkins, H. G., and Prager, Wm., On the Dynamics of Plastic Circular Plates, Z. Angew. Math. Phys. 5, 
317-330 (1954); Perzyna, P., Dynamic Load Carrying Capacity of a Circular Plate, Arch. Mech. Stos. 1£, 
635-647(1958). ~ 
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until at a t ime t^ it shrinks to a center hinge again. The hinge-band radius 
and the t ime history of the plastic deformation are found from complicated 
transcendental equations. However, the final plastic deformation Uf at the 
center of the plate can be expressed in te rms of the proposed equivalence 
pa rame te r s by 

7 P s P , Pg - P M s 2P 

Uf = 
7Pg eb 

where 7 is the surface density of the plate. 

• - 1 : 

2Ps < P M ' 

P dt. 

and 

^eb = z T T " ^^' -
m b t. 

V^t tP dt. 

(1) 

(2) 

(3) 

(4) 

(5) 

(6) 

The t imes tf and t a re found from 

I = Pg( t f - ty) 

and 

Ih = 2Ps( tc - th) - (8) 

For loadings such that no hinge band occurs . Eq. (l) shows that 
the final plastic deformation of the shell depends only on the proposed equiv­
alence pa r a m e te r s . If a hinge band is produced, other quantities a re in­
volved also. However, Fig. V.A.I shows that the final deformation still very 
nearly depends only on the equivalence p a r a m e t e r s , i .e.. the curves of Uf/l 
ve rsus Pg are very close together. For comparison, the same resul ts are 
nlotted in Fig. V.A.2 as a function of peak load P j ^ . 



Again the c o n j e c t u r e tha t the a v e r a g e va lue of the load o v e r the 
du ra t i on of the d e f o r m a t i o n is a p p r o x i m a t e l y equa l to t he s t a t i c y i e ld load 
(see P r o g r e s s R e p o r t s for F e b r u a r y 1969. A N L - 7 5 5 3 . pp . 106-108 , and 
M a r c h 1969. A N L - 7 5 6 1 . pp . 96-98) i s found to be exac t l y t r u e , a s can be 
s e e n f rom Eq. (7). 

A top ica l r e p o r t on the e q u i v a l e n c e of d y n a m i c r i n g l o a d s for 

the final p l a s t i c d e f o r m a t i o n of a c i r c u l a r c y l i n d r i c a l she l l h a s been 

p r e p a r e d . * 

2 3 
Ratio of Effective to Static Yield Pressuies, P 7 P , 

Fig. V.A.I. Ratio of the Final Deformation of a Circular Plate to the Square of the Impulse as a Function of the 
Effective Pressure for Pulses Whose Shapes Are Exponential, Triangular, Sine, Linear, and Rectangular 

Youngdahl, C. K., The Dynamic Plastic Response of a Tube to an Impulsive Ring Load of Arbitrary Pulse 
Shape, ANL-7562 (to be published). 
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Ratio of the Final Deformation of a Circular Plate 
to the Square of the Impulse as a Function of the 
Maximum Pressure for Pulses Whose Shapes Are 
Exponential, Triangular, Sine, Linear, and 
Rectangular 

TiloSlolic Yield Loads, P„/P 

5. Fuel Element Fai lure Propagation (J. F . Schumar) 

a. Out-of-pile Studies (J. F. Marchaterre , R. E. Wilson, and 
B. M. Hoglund) 

Last Reported: ANL-7513. p. 136 (Oct 1968). 

(i) Propagation Phenomena. Propagation phenomena asso­
ciated with an accidental re lease of fission gas from a fuel element can be 
divided into three regimes. The first is associated with a rapid gas release 
through a large break in the cladding, which would cause expulsion of the 
coolant from the subassembly but would be completed very quickly. The 
second is associated with a slower gas release that does not cause coolant 
expulsion, but gives r ise to a high-velocity gas jet that might impinge on an 
adjacent fuel element and pers is t long enough to cause overheating. The 
third is an even slower gas release that might cause overheating due to 
local flow reduction brought about by the flow character is t ics of the two-
phase coolant-gas mixture. 

(a) Gas-jet Tests with Single Channels in a Water Loop. 
The initial phase of the study of problems associated with a persistent gas 
jet has been completed. The flow channel was made of clear Lucite and 
was dimensionally identical to an electrically heated channel that will be 
used in the second phase of the experiment. High-speed motion pictures 
were taken so that physical observations could be correlated with the r e ­
corded data. These data were taken to obtain information on the coolant 
t ransient that would occur during the heated channel tes ts . 

The rectangular channel was 0.050 by 0.578 by 22 in. 
Data were obtained for coolant velocities of 10. 20, and 30 ft /sec, orifice 
d iameters of 0.0515. 0.025, and 0.016 in., and gas phenum pressu res of 
500. 750. and 1000 psi. An inlet p ressure to the test section of 200 psi was 



used to prevent boiling in the heated section during the t e s t s . The volume 
of the gas plenum was sized to give a void volume at tes t conditions of 
400 cm' with a plenum pressure of 1000 psi . 

Prel iminary analysis of the data indicated that the 
channel was completely voided only with the largest orifice (of 0.0515-m. 
diameter). The data for the 0.0515-in. orifice are : 

Coolant 
Velocity 
(ft/sec) 

10 
20 
30 
10 
20 
30 
10 
20 
30 

Gas Plenum 
Pressure 

(psi) 

500 
500 
500 
750 
750 
750 
1000 
1000 
1000 

Flow Recovery 
Time (sec) 

0.25 
0.21 
0.14 
0.65 
0.55 
0.33 
0.89 
0.80 
0.54 

The peak pressure pulses, measured 1 in. from the orifice, have a mag­
nitude of about 100 psi for the tests with the 1000-psi plenum p re s su re . 

The data from tests with the 0.025-in. orifice showed 
a small flow reversal with a rapid recovery. The motion pictures show 
what appear to be relatively large dry spots on the wall opposite the orifice. 
The high-velocity gas seems to hold a fairly stable interface with the liquid 
on this wall at a position about 1 in. upstream from the orifice. As the gas 
flow rate decays, this interface gradually moves downstream past the 
orifice. 

Tests were run with the coolant bypass closed to com­
pare the resul ts with those for bypass-open experiments . The rate of flow 
through the bypass was ten t imes the rate of flow through the rectangular 
channel. With the bypass closed, the magnitude of the p re s su re pulses and 
the general shape of the p r e s su re - t ime plots were generally similar to 
those obtained with the bypass open. The pr imary difference was that the 
bypass-closed t races had high-frequency (200-300 cps) p re s su re pulses of 
about 20 psi superimposed on the t r aces . The effect of these p r e s su re 
pulses on the flow could be seen in the motion pic tures . The main effect of 
opening the bypass seemed to be to filter out these high-frequency p r e s s u r e 
pulses . 
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Tests with the 0.0l6-in. orifice showed only very minor 
flow perturbations of the coolant flow. These tes ts also produced what ap­
peared to be dry spots on the wall and maintained an interface with the liq­
uid at the wall (at a point ups t ream from the orifice). 

Tes ts planned for the second phase of the experiment 
will consist of discharging gas into a heated test section under the conditions 
described above. The gas jet will impinge on a spot on the heated wall. To 
measure temperature , a thermocouple is attached to this spot. The resul t­
ing temperature t ransients will provide an insight into which is the most 
undesirable combination of var iables , and will provide information about 
the heat- t ransfer phenomena occurring on the surface. 

Existing electrically heated test sections are being 
modified. Three pract ice at tempts, with an electron-beam welder, to braze 
a gas-injection tube to the copper test section without producing distortion 
have been completed successfully. 

(b) Rapid-gas- re lease Tests with 19-fuel-element Bundle 
in Water Loop. Modifications to an existing water loop to accommodate 
rap id-gas - re lease tests in an unhealed 19-element array essentially have 
been completed. The Plexiglas test section and all fittings have been r e ­
ceived. Fabrication of the element bundle has started. The bundle will 
consist of 18:j-in.-OD, wire-wrapped Plexiglas rods that surround a central 
stainless steel tube. The central tube has a predril led orifice and an inter­
nal pressure-ac tua ted valve that will allow repeated gas- re lease tes ts . 

(c) Mechanical-damage Tgsts in Air and Stagnant Water. 
The major objective of the mechanical-damage tests is to gain an insight 
into the performance (particularly with respect to structural behavior) of a 
fuel-cladding tube that has been subjected to a sudden gas re lease . Also, 
the pressure-ac tua ted valve in the simulated fuel element will be tested. 

Development of the piston-type pressure-actuated 
valve for releasing gas has been essentially completed, and numerous tes ts 
have been performed successfully. The valve can instantly apply internal 
gas p r e s s u r e to a hole in the tube wall in such a manner that (a) the inter­
nal p ressur ized cross section of the tube contains no restr ict ion, and 
(b) the tube can be repressur ized and the experiment repeated without dis­
assembly of the tube. 

Experiments simulating the sudden re lease of in ter­
nally stored gas a re underway to measure the time dependence of the force 
and impulse imposed on a single tube. The pa ramete r s being studied a re 
the gas plenum pressu re , plenum volume, hole size, and type of gas. The 
resul ts a re being compared with an analytical model. Measurements of the 
rod displacements as a function of unsupported length are also being made 
and will be compared with an analytical model. 



190 

(d) C o n s t r u c t i o n of a Smal l Sod ium T e s t L o o p . To ex tend 
the r e s u l t s of the w a t e r t e s t s to sod ium, a s m a l l s o d i u m t e s t loop is be ing 
bui l t . It i s be ing c o n s t r u c t e d of l - i n . - d i a Type 304 s t a i n l e s s s t e e l p i p e . 
All of the s o d i u m - c o n t a i n i n g componen t s of the loop a r e on hand excep t the 
t e s t sec t ion , which is about 50% c o m p l e t e . The s o d i u m - t o - a i r h e a t ex ­
c h a n g e r h a s been ins t a l l ed , and the a i r duc t s a r e 60% c o m p l e t e . 

The in i t i a l t e s t sec t ion , which wi l l c o n s i s t of a s ing le 
h e a t e r in a s m a l l channel , wi l l be u s e d to shakedown the loop, ve r i fy the 
ope ra t i ng p r o c e d u r e s , and se t ope ra t i ng l i m i t s for the h e a t e r d e s i g n . A 
s ing le h e a t e r i s being used , which can be r e p l a c e d conven ien t ly a f t e r b u r n ­
out. The next t e s t s ec t ion des ign wil l conta in s even h e a t e r s in a h e x a g o n a l 
p a t t e r n . 

6. F u e l Meltdown Studies with TREAT (C. E . D i c k e r m a n ) 

a. Mel tdown Studies with C e r a m i c F u e l 

L a s t Repo r t ed : A N L - 7 5 5 3 , p . 108 (Feb 1969). 

N o n d e s t r u c t i v e t e s t ing of the m i x e d oxide p ins r e c e i v e d f r o m 
UKAEA has p r o g r e s s e d as follows: 

(i) S i x t y - s i x U n i r r a d i a t e d P i n s . P r o f i l o m e t r y , d i m e n s i o n a l 
c h e c k s , dens i ty and b a l a n c e - p o i n t d e t e r m i n a t i o n have been c o m p l e t e d . The 
p ins a r e undergo ing r a d i o g r a p h y . 

(ii) Seven I r r a d i a t e d P i n s . T h e s e 7 p ins have been i r r a d i a t e d 
to ~ 5% burnup in the Dounreay F a s t R e a c t o r . N o n d e s t r u c t i v e t e s t i n g , wi th 
the except ion of neu t ron r a d i o g r a p h y , has been c o m p l e t e d . G a s s a m p l i n g 
and d e s t r u c t i v e m a t e r i a l examina t i ons r e m a i n to be done . 

All p ins show heavy longi tudinal s c r a t c h e s in the c ladd ing , 
and at l e a s t one is v is ib ly bent . The s c r a t c h e s a r e be l i eved to have o c c u r r e d 
when the p ins w e r e r e m o v e d f rom the i r r a d i a t i o n ho lde r at D o u n r e a y . a s 
d e s c r i b e d in TRG 3032D ( r ev i s ed ) . 

P i n No. A089 , in addi t ion to being bent , had t h r e e p a t c h e s 
of wh i t i sh m a t e r i a l r e s e m b l i n g p a s t e s o l d e r flux s tuck to the c l add ing . A 
m e t a l chip, s i m i l a r to the " s l i v e r s of swarf" noted in the TRG r e p o r t , was 
s tuck in one of the pas ty p a t c h e s . S p e c t r o c h e m i c a l a n a l y s e s i n d i c a t e d tha t 
the m e t a l chip was an 18-8 s t a i n l e s s s t e e l and the wh i t e m a t e r i a l w a s p r o b ­
ably a m i x t u r e of m e t a l s a l t s . No defec t l a r g e enough to have f u r n i s h e d th i s 
chip was found in the cladding, h o w e v e r . 

One of the pins wi l l be s e l e c t e d for d e t a i l e d d e s t r u c t i v e ex ­
amina t ion , at which t i m e the v i s ib l e c ladding de fec t s can be m o r e fully 
exp lo red . 
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h. T r a n s i e n t Coo lan t B e h a v i o r 

(i) R a d i a t i o n Ef fec t s on S u p e r h e a t in Liquid Sodium 

Not p r e v i o u s l y r e p o r t e d . 

An a n a l y s i s of the effects of r a d i a t i o n p a r t i c l e s , such a s 
f i s s i on f r a g m e n t s , a l p h a - p a r t i c l e s , and p r o t o n s , on the s u p e r h e a t a t t a i n e d 
by l iquid s o d i u m b e f o r e v a p o r i z a t i o n h a s been u n d e r t a k e n . The m e t h o d s 
e m p l o y e d a r e t h o s e u s e d in t he a n a l y s i s of e x p e r i m e n t s conduc ted at S tan 
ford U n i v e r s i t y wi th w a t e r and f i s s i on f r a g m e n t s . * R e s u l t s obta ined f ron . 
t h e s e c a l c u l a t i o n s can be c o m p a r e d wi th t h o s e ob ta ined e a r l i e r by Clax ton 
and wi l l s e r v e to i n d i c a t e the i m p o r t a n c e of r a d i a t i o n p a r t i c l e s in p r o m o t i n g 
bubble n u c l e a t i o n in l iquid s o d i u m . 

In i t i a l r e s u l t s have s u g g e s t e d that f i s s ion f r a g m e n t s a r e 
p r o b a b l y the only type of r a d i a t i o n tha t can induce bubble nuc lea t ion in s o ­
d i u m at r e a s o n a b l e s u p e r h e a t s (<200°C). T h e s e r e s u l t s a l s o i nd i ca t e tha t 
the r e q u i r e d n u c l e a t i o n e n e r g y in s o d i u m is s t r o n g l y inf luenced by the r a t e 
at wh ich a bubble m u s t expand in the l iquid to e n s u r e that the c r i t i c a l bubble 
r a d i u s i s a t t a i n e d be fo re the a v a i l a b l e e n e r g y is d i s s i p a t e d by hea t c o n d u c ­
t ion . T h i s m e a n s that the r e q u i r e d nuc l ea t i on ene rgy is d e t e r m i n e d by the 
d y n a m i c s of g rowth f r o m z e r o r a d i u s to the c r i t i c a l r a d i u s , and that the 
s u r f a c e e n e r g y and hea t of v a p o r i z a t i o n a r e l e s s i m p o r t a n t . The oppos i t e is 
t r u e in the c a s e of w a t e r . 

S ince the d y n a m i c s of f o r m a t i o n of the bubble n u c l e u s a p p e a r 
to g o v e r n the n u c l e a t i o n p r o c e s s , an i m p r o v e d me thod of ca l cu l a t i on of the 
d y n a m i c s is being sought . Such an i m p r o v e d mode l wil l be u s e d to e s t i m a t e 
the i m p o r t a n c e of r a d i a t i o n - i n d u c e d nuc lea t ion of bubbles in s u p e r h e a t e d 
s o d i u m . 

c. A n a l y t i c a l Suppor t 

(i) A n a l y s i s of Sod ium Slug I m p a c t s in T R E A T M a r k - I I Loop 

Not p r e v i o u s l y r e p o r t e d . 

One of the m o s t i n t e r e s t i n g f e a t u r e s of the e x p e r i m e n t s to 
be conduc ted in T R E A T M a r k - I I loops is expec ted to be the p r e s s u r e p u l s e s 

•Peitrich L W.. A Study of Fission-fragment-induced Nucleation of Bubbles in Superheated Water. Thesis. 
Stanford"univer'sity. Dept. of Mechanical Engineering. AEC Report Su-326P13-4. m press. See also 
Deitiich. L. W.. and Connolly, T. J.. Fission-fragment-induced Nucleauon of Bubbles in Superheated Water, 
Trans. ANS, June 1969. in press. 

**Claxton, K. T., The InOuence of Radiation on the Inception of Boiling in Liquid Sodium, Proc. of the Infl 
Conf. on the Safety of Fast Reactors. Aut-en-Provence, 1967, CEA, Pans. 
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r e s u l t i n g f r o m f u e l m e l t d o w n . P u l s e s m a y a r i s e f r o m i m p a c t s of m o v i n g 

s o d i u m ( " s o d i u m h a m m e r " ) a s w e l l a s f r o m p o s s i b l e r a p i d s o d i u m v a p o r ­

i z a t i o n . T o a i d i n u n d e r s t a n d i n g t h e i m p a c t p r e s s u r e p u l s e s , a n a l y s i s of 

t h e i m p a c t of s o d i u m s l u g s a g a i n s t a p l a n e o b s t r u c t i o n p e r p e n d i c u l a r t o t h e 

d i r e c t i o n of f l o w h a s b e e n u n d e r t a k e n . 

I n i t i a l c a l c u l a t i o n s h a v e b e e n b a s e d o n a " w a t e r - h a m m e r " 

m o d e l u s i n g e q u a t i o n s s u g g e s t e d by S t r e e t e r a n d W y l i e . * T h i s m o d e l r e ­

t a i n s t h e c o n v e c t i v e t e r m s a n d f l u i d f r i c t i o n i n t h e h y d r o d y n a m i c e q u a t i o n s . 

C o m p r e s s i b i l i t y of t h e l i q u i d s o d i u m a n d e l a s t i c i t y of t h e c o n t a i n e r w a l l s 

a r e c o n s i d e r e d i n c a l c u l a t i o n s of t h e v e l o c i t y of p r e s s u r e w a v e s . H o w e v e r , 

g r o s s d e n s i t y c h a n g e s i n t h e l i q u i d a r e n o t c o n s i d e r e d , n o r a r e l a r g e d e f o r ­

m a t i o n s of t h e c o n t a i n e r . 

A l t h o u g h t h i s m o d e l a p p e a r s t o b e a d e q u a t e f o r s c o p i n g c a l ­

c u l a t i o n s , i t h a s d e f i c i e n c i e s w h e n u s e d f o r c a l c u l a t i n g p r e s s u r e s r e s u l t i n g 

f r o m t h e c o n d i t i o n s b e i n g c o n s i d e r e d f o r t h e m o r e e x t r e m e T R E A T e x p e r i ­

m e n t s . I t a p p e a r s t h a t a m o d i f i c a t i o n of t h e c a l c u l a t i o n a l p r o c e d u r e w i l l b e 

n e c e s s a r y t o t a k e a c c o u n t of t h e l a r g e d e n s i t y c h a n g e s p r e d i c t e d b y t h e 

s c o p i n g m o d e l . T h e r e v i s e d p r o c e d u r e w i l l r e q u i r e r e c a s t i n g t h e p r o b l e m , 

e i t h e r t o a L a g r a n g i a n f o r m u l a t i o n , o r t o a E u l e r i a n f o r m u l a t i o n w i t h a 

m o v i n g b o u n d a r y . 

7 . M a t e r i a l s B e h a v i o r a n d E n e r g y T r a n s f e r (R . O . I v i n s ) 

L a s t R e p o r t e d : A N L - 7 5 6 1 , p p . 9 9 - 1 0 3 ( M a r c h 1 9 6 9 ) . 

a . P r e s s u r e G e n e r a t i o n d u e t o V i o l e n t M e l t d o w n (R . O . I v i n s ) 

(i) C a l c u l a t i o n a l S t u d i e s . P r e v i o u s c a l c u l a t i o n s of t h e p r e s ­

s u r e s d e v e l o p e d d u e t o t h e r a p i d a d d i t i o n of h e a t t o a l o c a l i z e d v o l u m e of 

c o o l a n t i n c l u d e d t h e c a s e s of b o t h s p h e r i c a l a n d l i n e a r a c o u s t i c c o n s t r a i n t ; 

g r a p h s of t h e r e s u l t s w e r e p r e s e n t e d f o r t h e c a s e of w a t e r c o o l a n t . 

T h e p a r a m e t r i c c a l c u l a t i o n s h a v e b e e n e x t e n d e d t o i n c l u d e 

s o d i u m c o o l a n t ; r e s u l t s f o r t h e c a s e of s p h e r i c a l c o n s t r a i n t a r e s h o w n i n 

F i g s . V . A . 3 a n d V . A . 4 . B e c a u s e of t h e s c a r c i t y of t h e r m o d y n a m i c d a t a f o r 

s o d i u m a t h i g h t e m p e r a t u r e s a n d in t h e r e g i o n of t h e c r i t i c a l t e m p e r a t u r e , 

m a n y of t h e p r o p e r t i e s u s e d i n t h e c a l c u l a t i o n s w e r e e s t i m a t e d u s i n g t h e 

r e s u l t s of G o l d e n * * a n d Di l lon , ' ' ' t o g e t h e r w i t h t h e o r i e s of c o r r e s p o n d i n g 

^*Streeter, V. L., and Wylie. E. B., Hydraulic Transients, McGraw-Hill Book Co.. Lie. New York (1967). 
Golden, G. H., and Tokar, J. V.. Thermophysical Properties of Sodium. ANL-7323 (Aug 1967). 
Dillon, 1. G„ Nelson, P. A., and Swanson, B. S., Critical Temperatures and Densities of Alkali Metals 
ANL-7025 (Aug 1965). ' 
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In Figs. V.A.3 and V.A.4, the p re s su re P and specific vol­
ume V are plotted against the total heat AH added (above the boiling point) 
for various values of the parameter k. Initial void volume (vapor) f rac­
tions x of 0 and 0.5 are assumed. 

The parameter k involves factors as follows: 

k = pcq/l44ga(6H), 

where 

a = surface area of heated coolant per unit weight 

of the heated coolant, ft / l b 

c = velocity of sound in the unheated coolant, f t /sec 

ft lb -mass 
g = gravitational conversion factor. 32.17 —— 

* ° sec lb-force 

AH = heat added per unit mass of heated coolant. Btu/lb 

6H = increment of AH for iteration. Btu/lb 

q = heat-transfer or heat-addition rate per unit 
mass of heated coolant. Btu/sec- lb 

p = density of unheated coolant, Ib/ft^ 
In Fig. IV.A.7 of ANL-7561. values for initial void fraction 

X of both 0 and 0.55 were plotted together for comparison. The values of 
k shown for the solid lines (x = 0) were in e r ror ; they should have been 
multiplied by the factor ./T. 

To compare the results for water and sodium more accu­
rately, graphs for water of initial void fractions of 0 and 0.50 (at its boiling 
point) are given in Figs. V.A.5 and V.A.6. 

For a given value of the parameter k the p r e s su re s devel­
oped vary with the value of the initial void fraction x. However, variations 
in X could induce changes in k by changing a and also by changing the heat-
transfer rate q. Therefore, in evaluating the effects of variations in x, the 
changes in k due to changes in a and q must be considered. 

Note that, for given values of k and AH. the p r e s su re s 
developed with water coolant are greater than with sodium coolant. But the 
value of k would normally be greater for sodium (k = 0.81 q/a for sodium 
versus 0.65 q/a for water) and, under similar c ircumstances, q can be 
greater for sodium. 
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(ii) Transient Heat Transfer Studies in Liquid Sodium. To 
allow heat-transfer data to be obtained at sodium tempera tures up to 850°C, 
the experimental heat- transfer apparatus (see P rog re s s Reports for Feb­
ruary 1968. ANL-7427, p. 138 and November 1966, ANL-7279, p. 18) has 
been modified by adding improved clamps for the sphere assembly and by 
installing a new sodium tank with a revised heating system. Several tes ts 
are being made with the modified equipment to verify that new data can be 
correlated directly with data obtained before the modifications. 

b. Segregation in Ceramic Fuels (M. G. Chasanov) 

Last Reported: ANL-7458, p. 128 (Jan 1969). 

"Work is continuing to determine the extent of migration and 
segregation in mixed uranium-plutonium fuels under a thermal gradient. 
As previously reported (ANL-7458), two (Uo.8Puo.2)Oi.97 pellets were an­
nealed in a thermal gradient of about 1000°C/cm (with the top surface tem­
perature of the pellets being ~2350°C) for t imes of 97 and 125 hr, 
respectively. Microprobe scans of these pellets indicated no significant 
migration of plutonium to the hot end of the pellet. 

Experimental investigation of the effects of thermal gradients 
on plutonium distribution in mixed-carbide fuel pellets is also underway. 
These pellets contain 4.61 wt % carbon, 81.0 wt % uranium, and 14.4 wt % 
plutonium. Four experiments in which pellets were heated in approximately 
700°C/cm gradients (top surface at ~2000°C) have been completed; the an­
nealing times ranged from 100 to 460 hr. The data from these studies are 
being analyzed. 

8. Fast Reactor Safety Test Facility Study (C. N. Kelber) 

Last Reported: ANL-7561. pp. 104-105 (March 1969). 

a. P rogram Justification and Definition. The internal review of 
the preliminary (Phase 1) draft on program justification and definition is 
complete and will be given external distribution for review. 

b. Facility Definition and Utilization. The neutronic propert ies of 
various sizes of test loops containing a typical set of oxide-fuel elements 
and driven by an oxide driver or UOz-BeO driver with nickel reflector have 
been studied. It has been verified that as enrichment in the test region and 
driver is increased the total power decreases considerably. By the same 
token the reactivity in the test region increases so that, at full enrichment, 
the reactivity swing from melting of fuel in the test region is many dollars 
of reactivity. 
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The neutronics effort in this task seeks to answer the following 
list of questions: 

1. What is the best estimate of positive reactivity feedback 
and feedback rate from the test zone to the entire test reactor? (Not what 
the feedback would be in a large LMFBR.) 

2. What prompt negative coefficient of reactivity is required 
in the driver to compensate for this feedback? 

3. Can fast acting rods compensate for feedback (positive and 
negative)? 

The answers to these questions should determine test-zone 
composition: 

4. For a given nominal dr iver fuel composition and power 
density ratio, what is the variation of total power as test fuel is varied 
from nominal to full enrichment? 

5. What difference in feedback occurs as test-zone enrich­
ment varies? This includes feedback from sodium void and feedback from 
fuel collapse in the test zone. 

Test conditions may eventually include super-prompt-cr i t ical 
t ransients as well as flow and small overpower t ransients . Hence we ask: 

6. If a system has been optimimed for flow transient studies 
can it also be used for super-prompt-cr i t ica l t ransients, or can the same 
system accommodate a more satisfactory core? 

B. TREAT Operations 

1. Reactor Operations (J. F. Boland) 

Last Reported: ANL-7561, pp. 105-106 (March 1969). 

An EBR-II fuel element with a previous burnup of 2.5% was subjected 
to a se r i es of five t ransients similar to those used previously for testing an 
element with 1.2% burnup (see P rogres s Reports for February and March 
1969, ANL-7553. p. 117, and ANL-7561). The experimental capsules con­
taining both the 1.2 and 2.5% burnup pins were shipped to the TAN hot cells 
for disassembly. 

One zirconium-clad pelleted UO2 sample was subjected to transient 
i r radiat ion in a t ransparent capsule. This test was run to obtain additional 
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information on the mode of fuel failure and the extent of metal -water r eac ­
tion obtained near the fuel-failure threshold (see P r o g r e s s Report for Au­
gust 1968. ANL-7487, p. 110). 

Neutron radiographs were made of 17 groups of capsules from 
EBR-II. 

Inspection of TREAT fuel elements that are handled frequently has 
recently been initiated (see ANL-7561). Inspection of ten special thermo­
couple assemblies revealed that five had distorted cladding, two appeared 
to have only a partial vacuum, and three appeared normal. Since the spec­
ial thermocouple leads pass through the cladding, it is postulated that a 
very slow leak in some of these seals has allowed air to leak into the evac­
uated can, and heating of this air during transients has pressur ized the 
assemblies sufficiently to cause permanent distortion of the cladding. Dis­
torted cladding has not been observed on any standard fuel elements or 
standard thermocouple elements with brazed seals . All special thermo­
couple assemblies have been placed in storage. Since the thermocouples 
in these assemblies proved to be unreliable during initial operation in 1959. 
these elements have not been used for temperature measurements , but have 
been used as normal fuel elements; their removal from service will not 
affect reactor operations or experimental p rograms. 

2. Development of Automatic Power Level Control System ( j . F. Boland) 

Last Reported: ANL-7561, p. 106 (March 1969). 

Bid proposals for the s tored-program digital-controller equipment 
to program the hydraulic control-rod-drive system were received during 
the first week of May, but additional information was required from some 
vendors before their proposals could be adequately evaluated. Evaluation 
of proposals was nearly complete at the end of this reporting period, and a 
purchase order for the equipment should be placed early in June. 

MTS Systems Corp. completed the design of the control-rod 
actuator assembly and submitted an assembly drawing for our review. 
The design was found to be compatible with available space and was 
approved. 

C. Chemical Reaction--Chemical and 
Associated Energy Problems (Thermal) 

1. Analysis of Excursion Accidents ( J . J . Barghusen) 

Last Reported: ANL-7553. p. 118 (Feb 1969). 

In the continuing in-pile study of the charac ter i s t ics of fuel failure 
during a nuclear transient, six additional photographic experiments were 
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performed in the TREAT reactor . Three experiments were with Zircaloy-
clad fuel rods containing vibrationally compacted UO^ (5% enriched) par­
t icles identical to the rods previously tested in TREAT (experiments 
CEN-243T to -245T in P rog re s s Report for August 1968, ANL-7487, 
pp. 110-112). In addition, to define fuel failure at reactor periods less than 
120 msec , three experiments were performed with 0.375-in.-dia Zircaloy-
clad fuel rods containing 10%-enriched UOj pel lets . Previous experiments 
with this fuel type were made at reactor periods of 121 msec (see 
ANL-7487. pp. 110-112). 

Table V.C.I summar izes the resul ts of the six experiments. Two 
separate failures, s imilar to those observed in experiment CEN-244T. 
occurred in Run CEN-246T. The failure at the bottom of the rod occurred 
at 218 cal /g UOj. Figure V.C.I shows the condition of the fuel rod after 
the transient . The fracture at the top of the rod was not observed on the 
high-speed photographic film. 

In Runs CEN-247T and -248T, cladding failure occurred at the 
bottom of the fuel rod at 256 and 238 cal /g UO2, respectively. In both 
cases , cladding failure probably resulted from the localized high internal 
p ressu re and intimate contact of the cladding with hot fuel. The final 
specimens from both runs showed complete dispersal of the oxide fuel and 
extensive cladding degration by metal-water reaction, which occurred after 
the initial cladding rupture. 

The fuel rods in Runs CEN-249T and -250T did not fail. The 
fission-energy input for Run CEN-251T was 354 cal /g UOj. Failure was 

TABLE V.C.I. Results Irom TREAT Meltdown Sperlmenls • l lh 
Zircaloy-clad UO2 Fuel Rods Submerged in Water 

Characteristics ol Fuel Rod 

Fuel Type 
235u enrichment, % 
Rod diameter, in. 
Fuel weight, g 
Cladding weight. 9 

Reactor Characteristics 

Integrated power. MW-sec 
Peali power, MW 
Reactor period, msec 

Results 

Total llsslon-energy 
input, cal/g UO^ 

Fission-energy input at 
(irst indication ol 
lailure. cal/g UO; 

Zircaloy-H^O reaction, g Zr 
Final appearance of fuel 

rod 

246T 

Powder 
5 
0.50 
I M 

149t 

250 

Two large 
holes; rod 
broken 

247T 

Powder 
5 
0.50 
im 
41 

507 
2790 
48 

334 

256 

9.7 
Rod severely 
damaged; dis­
persal of fuel 

CEN Run Number 

248T 

Powder 
5 
0.50 
169 
41 

499 
2006 

328 

238 

ILO 
Rod severely 
damaged; dis­
persal ol fuel 

249T 

Pellet 
10 
0.375 
87 

214 
430 
118 

236 

. 

Rod intact 

250T 

Pellet 
10 
a3;s 
87 
28 

217 
448 
117 

240 

, 

a5 
Rod intact 

2511 

Pellel 
10 
1375 
87 
28 

320 
ni l 
74 

354 

257 

9.2 
Specimen 
oxttptetHy 

destroyed 
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Fig. V.C.I 
Vibrationally Compacted 
UO2 Fuel Specimen from 
Run CEN-246T, Showing 
Two Failure Holes and Cir 
cumferential Fracture 

o b s e r v e d on the p h o t o g r a p h i c f i lm at a f i s s i o n - e n e r g y 
input equiva len t to 2 57 c a l / g UOj . T h i s v a l u e , o b ­
ta ined at a r e a c t o r p e r i o d of 74 m s e c , i s n e a r l y i d e n ­
t i ca l to the fa i lu re t h r e s h o l d va lue of 263 c a l / g UO2 
e s t a b l i s h e d in Run C E N - 2 4 2 T p e r f o r m e d at a r e a c t o r 
p e r i o d of 122 m s e c . S i m i l a r l y , t h i s va lue i s e s s e n t i a l l y 
the s a m e as t hose o b s e r v e d a t r e a c t o r p e r i o d s 80 m s e c 
for 5%-enr iched pe l l e t fuel s p e c i m e n s . 

To e s t a b l i s h the m a g n i t u d e of a x i a l flux p e a k ­
ing in the 10%-enr iched p e l l e t e d UO2 fuel s p e c i m e n s , 
the s p e c i m e n for the c a l i b r a t i o n t e s t was s e c t i o n e d 
and each pe l l e t was ana lyzed s e p a r a t e l y by count ing 
t e c h n i q u e s . The peak ing a t the top and b o t t o m of the 
s p e c i m e n was found to be about 9 and 4%. r e s p e c t i v e l y . 

2. P r e s s u r e G e n e r a t i o n due to P a r t i c l e - W a t e r E n e r g y 
T r a n s f e r (R. O. Ivins) ~ 

a. S t e a m - e x p l o s i o n E x p e r i m e n t s 

L a s t R e p o r t e d : A N L - 7 5 5 3 . pp . 118-120 
(Feb 1969). 

S m a l l - s c a l e e x p e r i m e n t s of w a t e r i n j e c ­
t ion into m o l t e n m a t e r i a l s con t inue . Vio len t e x p l o ­
s ions w e r e o b s e r v e d wi th s i l v e r c h l o r i d e a t 600' 'C. 
and with sod ium c h l o r i d e a t 900 and 1000°C. A m i l d 
explos ion was o b s e r v e d wi th yel low b r a s s (63% Cu 
and 3 7% Zn) at 1100°C. 

One of the m o s t v io len t exp lo s ions o c ­
c u r r e d when 1 m l of w a t e r (at r o o m t e m p e r a t u r e ) 
was in jec ted into a 65-g (45-ml) s a m p l e of m o l t e n s o ­
d ium ch lo r ide at 1000°C. The s o d i u m c h l o r i d e w a s 
m e l t e d in a 1- in.-ID. 3 - | - i n . -deep s t a i n l e s s s t e e l c r u ­

cible hea ted induct ive ly . The t h r u s t f rom the exp los ion w a s m e a s u r e d by 
the technique d e s c r i b e d in A N L - 7 5 5 3 . The t h r u s t c o n s i s t e d of four s e p a ­
r a t e p u l s e s . The in i t ia l pu l se , which p robab ly r e p r e s e n t e d the m a j o r e x p l o ­
sion, was a t h r u s t of 205 lb . The t h r e e s u b s e q u e n t p u l s e s , of m u c h s m a l l e r 
magn i tude , sugges t that the m a j o r exp los ion was followed by s e v e r a l m i n o r 
de layed effects . Examina t i on of the f i r s t pu l s e shows the d u r a t i o n of the 
ma jo r explos ion was a p p r o x i m a t e l y 0.6 to 0.9 m s e c . Dur ing the exp los ion 
about 70% of the mo l t en m a s s was blown out of the c r u c i b l e . 

W a t e r - i n j e c t i o n e x p e r i m e n t s p e r f o r m e d wi th m o l t e n a l u m i n u m 
(at 800 and 1000°C) and with s i l v e r (at 1100 and 1200°C) did not p r o d u c e 
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e x p l o s i o n s . Although s o m e m o l t e n m a s s w a s s p l a s h e d out of the c r u c i b l e , 
the t h r u s t s m e a s u r e d in t h e s e e x p e r i m e n t s did not exceed 5 lb . S e v e r a l 
add i t i ona l e x p e r i m e n t s of t h i s type wi l l be m a d e b e c a u s e the m o l t e n 
m a t e r i a l - w a t e r i n t e r a c t i o n a p p e a r s to be e x t r e m e l y s e n s i t i v e to the me thod 
and condi t ion of c o n t a c t . 

D. E n g i n e e r e d Safety F e a t u r e s 

1. Safety F e a t u r e s T e c h n o l o g y - - C o n t a i n m e n t 

a. H y d r o d y n a m i c s R e s p o n s e to H i g h - e n e r g y E x c u r s i o n 
(Y. W. Chang) 

L a s t R e p o r t e d : A N L - 7 5 5 3 , pp. 120-123 (Feb 1969). 

(i) P r o g r a m m i n g and Check ing A x i s y m m e t r i c C o m p u t e r Code . 
The c o m p u t a t i o n of the s a m p l e p r o b l e m w a s t e r m i n a t e d by the c o m p u t e r a t 

t = 811.28 fisec b e c a u s e the force 
ac t ing on the ro ta t ing plug exceeded 
the s t r e n g t h of the p lug-holddown 
d e v i c e . To d e t e r m i n e the m a x i m u m 
p r e s s u r e and force that can be p r o ­
duced in the e x c u r s i o n , the c o m p u ­
ta t ion was r e s u m e d by a s s u m i n g 
that the plug could be r ig id ly s e c u r e d 
to the p l a t f o r m . F i g u r e V.D.I shows 
the v a r i a t i o n of p r e s s u r e at a typ i ­
ca l m e s h zone u n d e r n e a t h the plug 
from* t = 811.28 to t = 1350 ^ s e c ; 

no te tha t the p r e s s u r e is of an o sc i l l a t i ng n a t u r e and has s e v e r a l p e a k s . 
The m a x i m u m p e a k p r e s s u r e is about 33.3 k b a r at 892 f isec. Once the p r e s ­
s u r e r e a c h e s a peak , the d i r e c t i o n 
of the fluid is r e v e r s e d . When the 
r e t u r n i n g fluid c o l l i d e s wi th the on­
c o m i n g fluid, the d i r e c t i o n of the fluid 
c h a n g e s aga in . The to ta l fo rce a c t ­
ing on the r o t a t i n g plug is shown in 
F i g . V ,D.2 . T h e m a x i m u m m a g n i ­
tude of the fo rce is - 6 . 4 4 x l O ^ d y n e s . 
In t h i s c a s e , the p lug -ho lddown d e ­
v i c e should be d e s i g n e d to r e s i s t 
t h e i m p u l s e r e s u l t i n g f rom such a 
f o r c e . 

Fig. V.D.I. Variation of Pressure at a Typical Mesh 
Zone underneath the Plug 
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Fig. V.D.2. Total Force Acting on the Rotating 
Plug as a Function of Time 

The c o m p u t e r code on the t r e a t m e n t of the "thin s t ee l 

v e s s e l " i s a l m o s t c o m p l e t e . 



b . I ne l a s t i c R e s p o n s e to H i g h - e n e r g y E x c u r s i o n (G. C i n e l l i . J r . ) 

L a s t R e p o r t e d : ANL-7527 , p . 140 (Dec 1968). 

(i) A n a l y s i s of Shock-wave P r o p a g a t i o n . The a n a l y s i s of s h o c k -
wave p r o p a g a t i o n is being ex tended to inc lude s l id ing s u r f a c e s so t h a t the 
code can be r u n for longer t i m e s . The s l i d i n g - s u r f a c e r o u t i n e wi l l e l i m i ­
na te s e v e r e zone d i s t o r t i o n at the i n t e r f a c e b e t w e e n the s o d i u m and the 
s t ee l p r e s s u r e v e s s e l . A t t a inmen t of th i s r o u t i n e i s n e c e s s a r y to r u n the 
e x c u r s i o n code for longer t i m e s than is now p o s s i b l e . 

(ii) P r o g r a m m i n g F i n i t e - d i f f e r e n c e E q u a t i o n s m F o r t r a n . The 
p r e l i m i n a r y v e r s i o n of the t w o - d i m e n s i o n a l c o m p u t e r code for the n u m e r ­
i ca l ca l cu la t ion of the i n e l a s t i c r e s p o n s e of p r i m a r y c o n t a i n m e n t to a h igh -
ene rgy e x c u r s i o n h a s been comple t ed . Outs tand ing f e a t u r e s of the code a r e 
that it (1) con ta ins equa t ions of s t a t e of the r e a c t o r m a t e r i a l s (the p r e s e n t 
v e r s i o n of the code conta ins the equat ion of s t a t e of the c o r e , b r e e d i n g 
b l anke t s , p lenum, sodium, s t ee l p r e s s u r e v e s s e l , and a r g o n ) , (2) g ives the 
ene rgy p a r t i t i o n at a l l t i m e s , (3) g ives the m o t i o n of the m e d i u m a t a l l 
t i m e s . (4) d e t e r m i n e s w h e t h e r or not. and when, the r e a c t o r v e s s e l b r e a k s . 
(5) gives the p r e s s u r e loading on the plug and d e t e r m i n e s when the p lug 
j u m p s , and (6) p r o v i d e s input to the def ini t ion of the p l u g - j u m p p r o b l e m . 

The code output, on p r i n t e d s h e e t s , g ives d i s p l a c e m e n t s , 
v e l o c i t i e s , p r e s s u r e s , i n t e r n a l e n e r g i e s , d e n s i t i e s , and s t r a i n s at e v e r y 
t i m e s tep for a l l spa t i a l p o i n t s . The output of d i s p l a c e m e n t s and p r e s s u r e s 
can be given p i c t o r i a l l y . showing the m o v e m e n t s , d e f o r m a t i o n s , and m a g ­
ni tude of p r e s s u r e of al l spa t i a l po in t s at any i n s t an t of t i m e . T h i s code 
wi l l give the r e a c t o r d e s i g n e r i n f o r m a t i o n wi th which to ad jus t the g e o m e t r y 
of the layout and s t r e n g t h of s t r u c t u r a l c o m p o n e n t s to a c h i e v e a b a l a n c e d 
des ign or a des ign that wi l l d i s s i p a t e the e x c u r s i o n e n e r g y wi th the l e a s t 
h a z a r d to ove ra l l con ta inmen t . 

The r e a c t o r conf igura t ion s e l e c t e d for t e s t i n g the code and 
the in i t i a l layout of the L a g r a n g i a n g r i d s i s shown for t i m e z e r o in 
F i g . V.D.3 (the r e a c t o r i s ax ia l ly s y m m e t r i c a l ) . The c o r e i s a s s u m e d to 
have oxide fuel conta ined m s t a i n l e s s s t e e l s u p p o r t e d in s t a i n l e s s s t e e l g r i d 
p l a t e s and cooled by l iquid sod ium. The s o d i u m is c o v e r e d by a r g o n gas 
and is held in a s t ee l pot wi th in a c o n c r e t e p r i m a r y c o n t a i n m e n t tha t h a s a 
r o t a t a b l e sh ie ld plug in the p l a t f o r m at the top of the p r i m a r y cav i ty . 

F o r the e x c u r s i o n mode l , it i s a s s u m e d at the s t a r t of the 
power e x c u r s i o n that the c o r e is m o l t e n and the s o d i u m h a s a l r e a d y v a p o r ­
ized and expel led f rom the c o r e r eg ion , ' H o w e v e r , the b l a n k e t s a r e a s s u m e d 
to be in tac t . The ene rgy i s r e l e a s e d so r ap id ly in t he e x c u r s i o n tha t the 
m o l t e n oxide fuels a r e a s s u m e d to be v a p o r i z e d and s u p e r h e a t e d to h igh 
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t e m p e r a t u r e and p r e s s u r e . T h e r e f o r e , a t the end of the p o w e r e x c u r s i o n , 
the c o r e c o n s i s t s of only h i g h - p r e s s u r e oxide v a p o r . 

Fig. V.D.3. Deformation of Lagrangian Grids at Various Tunes after Surt ot 
a Power Excursion in a "Pancake" Core Configuration 

F i g u r e V.D.3 shows the t i m e sequence of d e f o r m a t i o n s of 
the L a g r a n g i a n g r i d . F i g u r e V.D.4 shows the p r e s s u r e p ro f i l e s a long the 
v e r t i c a l c e n t e r l i n e at v a r i o u s t i m e s . F i g u r e V.D.5 shows the p r e s s u r e 
p r o f i l e s a long the h o r i z o n t a l a x i s of the c o r e at v a r i o u s t i m e s . The c o m ­
p u t a t i o n w a s t e r m i n a t e d at t = 808 |Usec b e c a u s e the fo rce ac t ing on the 
p lug e x c e e d e d the s t r e n g t h of the p lug-ho lddown d e v i c e . The to ta l c o m p u t e r 
t i m e for t h i s s a m p l e p r o b l e m w a s - 1 h r . 



Fig. V.D.4. Pressure Profiles along Core Vertical 
Centerline at Various Times 

Fig. V.D.5. Pressure Profiles along Core Horizontal 
Axis at Various Times 

(iii) Se lec t Mul t iax ia l Equa t ions of S t a t e . A l i t e r a t u r e s u r v e y 
has been comple ted . F r o m the su rvey , it was concluded tha t m u l t i a x i a l 
equat ions of s ta te exis t tha t a r e app l i cab le to the c o n t a i n m e n t p r o g r a m . 
T h e r e f o r e , e x p e r i m e n t s a r e needed . 
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